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FOREWORD 


This  report,  published  in  two  volumes,  was  prepared  in  the  Nuclear 
Weapons  Effects  Division,  U.  S.  Army  Engineer  Waterways  Experiment  Station, 
under  the  sponsorship  of  the  Defense  Atomic  Support  Agency  as  part  of 
Nuclear  Weapons  Effects  Research  Subtask  SC210  (formerly  Subtasks  R13B010 
and  RSS3210010) ,  "Response  of  Buried  Structures  to  Ground  Shock."  The  work 
was  accomplished  during  the  period  November  19 66  through  January  1969 • 

During  this  time,  Mr.  G.  L.  Arbuthnot,  Jr.,  was  Chief  of  the  Nuclear  Weapons 
Effects  Division,  and  Mr.  W.  J.  Flathau  was  Chief  of  the  Protective  Struc¬ 
tures  Branch. 

This  report  was  prepared  by  COL  Guy  E.  Jester,  CE,  and  is  essentially 
a  thesis  submitted  in  partial  fulfillment  of  the  requirements  for  the  de¬ 
gree  of  Doctor  of  Philosophy  in  Civil  Engineering  to  the  University  of 
Illinois,  Urbana,  Illinois. 

Director';  of  the  Waterways  Experiment  Station  during  the  preparation 
and  publication  of  this  report  were  COL  John  R.  Oswalt,  Jr.,  CE,  and 
COL  Levi  A.  Brown,  CE.  Technical  Directors  were  Mr.  J.  B.  Tiffany  and 
Mr.  F.  R.  Brown. 


AN  EXPERIMENTAL  INVESTIGATION  OF  SOIL-STRUCTURE 
INTERACTION  IN  A  COHESIVE  SOIL 

Guy  Earls cort  Jester,  Ph.  D. 

Department  of  Civil  Engineering 
University  of  Illinois,  1968 

ABSTRACT 

This  study  was  an  experimental  investigation  of  the  behavior  of 
an  idealized  structure  buried  at  various  depths  in  a  compacted  cohe¬ 
sive  soil  (buckshot  clay,  water  content  =  2 6$).  Eight  static  and  20 
dynamic  plane-wave  loadings  up  to  310  psi  were  conducted. 

The  cylindrical  test  devices  (5  inches  high  and  6  inches  in  diam¬ 
eter)  were  oriented  vertically  and  their  stiffness  relative  to  the 
soil  was  varied.  In  addition  a  device  whose  top  could  be  extended  and 
contracted  hydraulically  was  buried  at  various  depths  and  the  relation 
between  load  and  deformation  changes  was  studied  at  static  overpres¬ 
sures  of  37.5  and  75  psi. 

At  low  static  and  dynamically  applied  surface  pressures 
(Pg  =  37*5  psi)  and  a  depth  of  burial  of  one  structure  diameter 
(103  =  l),  the  amount  of  active  arching  depended  upon  the  stiffness 
of  the  structure  relative  to  that  of  the  soil.  Under  these  condi¬ 
tions,  it  was  possible  to  relieve  practically  all  the  overpressure  on 
the  test  structure  just  by  decreasing  its  stiffness.  At  b/b  =  1  , 
the  structure  behaved  as  if  it  were  fully  buried  under  dynamic  and 
static  pressures  less  than  40  psi. 
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As  the  surface  pressure  was  increased,  the  amount  of  arching  at 
b/b  >  1  became  more  dependent  upon  the  shear  strength  of  the  soil. 

When  the  scaled  depth  of  burial  was  increased  to  b/b  =  3  at 
surface  pressures  in  the  150-  to  250-psi  range,  the  differential 
pressure,  as  calculated  by  subtracting  the  average  pressure  acting  on 
the  top  of  the  device  from  the  surface  pressure  at  the  same  time  in¬ 
terval,  increased  but  it  did  not  increase  as  much  as  the  load  on  the 
structure.  At  Pg  =  150  psi  under  dynamic  conditions  the  differen¬ 
tial  pressure  was  32  psi  or  2.5  times  the  shear  strength  of  the  soil 
as  determined  by  unconfined  compression  tests  (q^/2)  as  compared  to 
25  psi  or  1.4  times  the  shear  strength  of  the  soil  at  b/b  =  1  .  When 
the  surface  pressure  was  increased  to  240  psi  under  dynamic  conditions 
at  b/b  =  3  ,  the  differential  pressure  was  only  35  psi.  Under  static 

conditions,  the  differential  pressure  was  37  psi  at  P  *  150  psi  and 

s 

54  psi  at  Pg  =  175  psi.  When  the  static  surface  pressure  was  in¬ 
creased  to  240  psi,  the  differential  pressure  only  increased  to  58  psi 
or  5*2  times  the  shear  strength  of  the  soil.  Once  the  strength  of  the 
soil  at  a  particular  depth  had  been  fully  developed,  increasing  the 
surface  pressure  had  very  little  effect  on  the  amount  of  arching. 

There  was  a  transition  zone  between  those  surface  pressures  at 
which  the  amount  of  arching  was  determined  by  relative  structure 
flexibility  and  the  pressure  at  which  it  was  more  dependent  upon  soil 
strength.  The  pressures  which  limited  the  transition  zone  depended 


upon  depth  of  burial  and  the  time  in  which  the  load  was  applied. 
Within  the  transition  zone,  the  role  played  by  the  relative  stiffness 
changed  gradually. 

Based  on  the  very  limited  amount  of  data  developed  in  this  test 

program  (P  <65  psi  and  h/b  =  l),  passive  arching  does  not  appear  to' 
s 

be  sensitive  to  structure  stiffness.  Once  the  relative  structure 
Kg)  exceeded  a  value  of  approximately  4,  there  was  no 
increase  in  the  amount  of  arching  with  an  increase  in  the  structure 
stiffness.  The  maximum  scaled  differential  pressure  (PAP/q^)  never 
exceeded  a  value  of  1.1. 

Regardless  of  the  stiffness  of  the  structure  or  the  state  of 
arching  considered,  static  arching  curves  produced  by  lowering  or 
raising  the  top  of  the  structure  by  internal  means  could  not  be  used 
to  estimate  the  amount  of  arching  that  a  similar  spring  test  device 
would  induce  under  static  or  dynamic  external  loads.  In  addition  it 
was  found  that  static  arching  data  produced  with  the  spring  device 
could  not  be  used  to  predict  the  design  loads  on  a  comparable  struc¬ 
ture  at  dynamically  applied  surface  pressures  in  excess  of  40-70  psi, 
depending  on  the  d^pth  of  burial. 
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NOTATION 


a  Cavity  radius 
A  A  constant 

ACC  Accelerometer;  when  followed  by  a  number  it  signifies  a 
particular  accelerometer 
AF  Amplification  factor 
b  Width  of  tunnel 

B  Trapdoor  diameter;  or  diameter  of  test  device 
BLH  Baldwin-Lima-Hamilton 
c  Coefficient  of  damping 

C  Cohesion;  or  damping;  or  propagation  velocity  of  the 
peak  soil  stress  between  any  two  points  of  interest 
Cq  Critical  damping 

CEC  Consolidated  Electrodynamics  Corporation 
CIC  Computer  Instruments  Corporation 
d^  Deflection  of  base  of  test  device 
d.  Deflection  of  top  of  test  device  or  trapdoor 
D  Gage  diameter;  or  when  followed  by  a  number,  a  deflection 
gage  for  which  the  number  identifies  its  location  and 
instrumentation  channel 
DASA  Defense  Atomic  Support  Agency 
D_  Soil  deflection  at  35-in.  level 

O 

Dt  Total  deflection  of  test  device  (d^  +  d^.) 
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E  Modulus  of  elasticity,  Young's  modulus 

E  Modulus  of  gage 
g 

E  Modulus  of  solid 
s 

E.M.F.  Electromotive  force 
f  Frequency 

F  Force  acting  on  top  of  the  test  device  at  any  time;  or  an 
instvumentation  channel  recording  the  force  acting  on  the 
top  of  the  test  device 


g  Acceleration  of  gravity 

G  Specific  gravity 
s 

h  Depth  of  burial  to  top  of  an  arch  cavity 
H  Depth  of  burial  from  soil  surface  to  top  of  structure; 
or  a  horizontal  pressure  gage 

2H  Gage  thickness 

IP  Pressure  inside  the  test  device  under  dynamic  test 
conditions 

k  Any  spring  constant 

K  Ratio  of  horizontal  to  vertical  soil  pressure;  or  any 
spring  constant 

Kn  Spring  constant  of  any  individual  spring  or  spring 
segment 

Kp  Spring  constant  of  two  or  more  springs  in  parallel 


l 

\ 


ix 


KH 

LL 

LVDT 


Kilohertz 
Soil  stiffness 

Test  device  or  cylinder  stiffness 

Spring  constant  of  a  particular  spring  segment 

Liquid  limit  of  soil 

Linear  variable  differential  transformer 
Mass 

Constrained  modulus 


Mg  St  1  modulus 

Hp  Modulus  of  test  device 

MIT  Massachusetts  Institute  of  Technology 

n  Number  of  springs 

p  Vertical  or  internal  stress 

p  Stress  acting  on  structure  roof 
o 

P  Pressure 

Pg  Soil  pressure  at  35- in.  level 

P  Approximate  soil  pressure  at  35-in.  level 
s 

P  Pressure  acting  on  the  test  chamber  base 

D 

P  Pressure  acting  on  inside  of  test  device 

P^  Pressure  inside  test  device 

P  Surface  pressure;  or  bonnet  pressure  gage 

P^  Average  force  per  unit  area  acting  on  top  of  test  device 


x 


PE 


PI 

FN 


PW 


q 


Si 

Q 

r 


S 


SBLG 

SDF 

SE 


Bonnet  pressure  measured  by  Norwood  gage  on  east  side 
of  bonnet 
Plasticity  index 

Bonnet  pressure  measured  by  Norwood  gage  located  on 
north  side  of  bonnet 

Bonnet  pressure  measured  by  Norwood  gage  located  on  west 
side  of  bonnet 

Horizontal  stress;  or  amount  of  stress  in  excess  of 
free-field  stress  acting  on  a  gage 
Unconfined  compressive  strength  of  soil 
Field  stress 

Distance  from  center  of  gage;  radius 
Radius  of  particular  interest 

Symbol  signifying  an  accelerometer,  usually  followed  by 
a  number  identifying  its  location  and  instrumentation 
channel 

Small  Blast  Load  Generator 
Single  degree  of  freedom 

Soil  stress  gage;  when  followed  by  a  number,  it  signifies 

a  particular  soil  stress  gage 

Time 

Time  of  soil  failure 

Rise  time  to  first  pressure  peak  (steep  part  of  pressure 
trace) 


xi 


t  Rise  time  to  maximum  pressure  (no  reflection) 

t  Rise  time  at  surface 
s 

T  Period  of  structure;  or  specific  thrust 

TQA  Time  of  arrival 

u  Deflection  of  soil  at  any  depth 

u  Deflection  of  roof 
o 

v  Vertical  pressure  exerted  on  arch 
WC  Water  content  of  soil  (in  percent  of  dry  weight) 

WES  U.  S.  Army  Engineer  Waterways  Experiment  Station 
x,y  Coordinates 

x^  Deflection  of  top  of  test  device  at  time  t 
x^  Velocity  of  top  of  test  device  at  time  t 

Absolute  acceleration  of  top  of  test  device  at  time  t 
X  A  symbol  signifying  an  accelerometer,  usually  followed  by 
a  number  identifying  its  location  and  instrumentation 
channel 

or  A  constant;  or  angle  between  plane  of  maximum  shear 
and  vertical  axis 

P  A  constant  determined  by  the  ratio  of  the  loaded  area  to 

its  perimeter 

y  Specific  weight  of  soil 

Yd  Dry  density  of  soil 

AD  Differential  deflection  (D„,  -  D  ) 

I  b 
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AP  Differential  pressure  (PT  -  Pg) 
c  Axial  strain;  or  an  instrumentation  channel  recording 

strain 

i  Strain  rate 

0  Angle  between  direction  of  maximum  normal  stress  and 
vertical  axis 
v  Poisson's  ratio 
p  Wet  density  of  soil 
a  Stress 

o.  Horizontal  stress 

h 

a  v  Maximum  stress 
max 

a  Radial  stress 
o 

av  Vertical  stress 

ox  Stress  acting  parallel  to  the  x  axis 
a  Stress  acting  parallel  to  the  y  axis 

y 

Vertical  stress 
All-around  confining  stress 
Og  Circumferential  stress 
t  Shearing  stress 

Thv  Shearing  stress  acting  on  the  hv  plane 

t  Maximum  shear  stress 
max 

Txy  Shearing  stress  acting  on  the  xy  plane 
0  Angle  of  internal  friction 
<r  Tangent  angle  to  a  soil  arch 
1-D  One-dimensional  compression  test  device 
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CHAPTER  1 


INTRODUCTION 


1.1  BACKGROUND 

The  art  and  science  of  designing  underground  structures  to  re¬ 
sist  the  effects  of  nuclear  detonations  is  plagued  by  many  unknowns. 
It  is  therefore  inherently  difficult  to  design  economic,  hardened 
missile  complexes,  command  and  control  facilities,  logistics  in¬ 
stallations,  and  other  strategic  structures  with  an  assured  degree 
of  protection.  In  addition,  it  is  practically  impossible  to  deter¬ 
mine  the  degree  of  hardness  of  existing  facilities  without  testing 
them  or  modeled  facilities  to  destruction.  Furthermore,  the  design 
of  fortifications  and  protective  structures  to  resist  the  effects 
of  even  conventional  explosives  is  not  well  formulated. 

One  of  the  major  facets  of  the  design  problem  which  has  caused 
difficulty  is  the  determination  of  the  loads  which  act  upon  a  buried 
structure.  There  are  many  elements  involved,  not  the  least  of  which 
is  the  determination  of  means  to  estimate  or  predict  the  free-field 
stresses  and  ground  motions  transmitted  through  the  soil  to  the 
vicinity  of  the  structure. 

Once  the  free-field  stresses  and/or  strains  reach  the  area 
where  they  begin  to  be  influenced  by  the  presence  of  the  structure, 
the  designer  must  determine  how  the  loads  which  act  on  the  buried 
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structure  are  influenced  by  the  interaction  between  the  structure 
and  the  surrounding  soil. 

Unlike  the  load  systems  generally  assumed  in  the  design  of 
surface  structures,  the  loading  and  response  of  buried  structures 
must  not  be  treated  as  independent  phenomena.  There  is  considerable 
evidence  (Voellmy;  Terzaghi,  19^3;  Taylor;  Spangler,  1956;  etc.)1  to 
indicate  that  a  structure  stiff er  than  the  medium  that  it  is  buried 
in  will  tend  to  attract  load.  On  the  other  hand,  stress  will  be 
diverted  around  or  away  from  a  structure  which  is  less  stiff  than 
the  surrounding  medium.  This  transfer  of  load  to  or  away  from  a 
structure  is  one  of  several  phenomena  which  are  normally  termed 
"soil  arching."  It  generally  is  called  "passive  arching"  when  the 
structure  is  loaded  above  the  free-field  stress  and  "active  arching" 
when  the  structure  is  acted  on  by  stresses  below  the  free-field 
stress.  The  load  system  causes  the  structure  to  deform  which 
changes  the  deformation  pattern  in  the  soil  and  this,  in  turn, 
changes  the  loads  which  reach  the  structure.  The  transfer  of  load 
from  the  surrounding  soil  to  the  structure  may  be  thought  of  as  a 
cyclic  or  iteration  process,  i.e.,  the  applied  load  causes  struc¬ 
tural  deformations,  the  deformations  alter  the  form  of  the  load, 
etc.  Also  involved  in  the  determination  of  the  design  load  is  che 

1  Authors  and  dates  refer  to  bibliography  in  Volume  II. 
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length  of  time  the  load  impinges  on  the  structure  and  the  area  of 
the  structure  involved,  and  thus  the  total  energy  transfer  involved. 
This  is  especially  true  under  dynamic  loading  conditions.  Not  only 
the  magnitude  of  the  load,  but  also  the  distribution  of  this  load 
are  affected  by  soil-structure  interaction.  Thus,  the  load  system 
acting  on  a  buried  structure  can  be  greatly  affected  by  the  de¬ 
formations  of  the  structure  itself. 

1.2  STATEMENT  OF  THE  PROBLEM 

Neither  soil  arching  nor  the  interaction  of  an  undergound 
structure  and  its  surrounding  medium  is  well  understood  at  pres¬ 
ent.  These  are  not  new  problems,  but  only  within  the  past  several 
years  have  such  problems  associated  with  protective  structures 
been  well  defined  (Newmark  and  Haltiwanger ) .  However,  engineers 
(Engesser;  Janssen;  Terzaghi,  1936c)  have  recognized  their  ex¬ 
istence  in  various  forms  for  almost  a  hundred  years.  Arching  in 
silos  and  grain  bins  ha-s  received  extensive  study  (Airy;  Jamieson; 
Jaky;  Jenike) .  The  stability  of  tunnels  and  the  design  of  sub¬ 
surface  structures  have  always  been  influenced  to  some  extent  by 
soil  arching  and  the  interaction  phenomena  (Engesser;  Terzaghi, 
1919)*  Much  of  the  early  research  was  accomplished  using  the 
deadweight  of  the  material  and/or  very  low  surface  pressures 
(Engesser;  Terzaghi,  1936b).  Consequently,  the  deformations  were 
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small  and  only  static  forces  were  considered. 

With  the  advent  of  nuclear  weapons  and  the  need  for  providing 
hardened  facilities  or  determining  the  degree  of  hardness  of 
existing  structures,  an  analysis  procedure  was  needed  which  could 
deal  with  large  structural  and  medium  deformations  as  well  as  the 
additional  effects  of  dynamic  forces.  There  was  also  a  need  for  pro¬ 
cedures  to  predict  the  environment  to  which  structures  and  their  con¬ 
tents  might  be  subjected  by  either  air- induced  or  direct  ground  shock 
or  some  combination  thereof.  Much  work,  as  cited  in  Chapter  2,  has 
been  accomplished  in  this  field  since  World  War  II,  but  there  are 
still  a  multitude  of  unknowns  in  the  state-of-the-art  (Merritt  and 
Newmark) . 

Authors  of  design  manuals  and  procedures  often  comment  on  the 
lack  of  well-documented  experimental  and  field  data  with  which  to 
compare  current  procedures  and  analytical  theories  (Newmark  and 
Haltiwanger ) .  In  the  latter  category  are  a  number  of  intricate 
and  complex  theoretical  codes  and  analytical  procedures  for 
determining  loads  on  buried  facilities  (Aggarwal,  et  al.;  Baron 
and  Parnes;  Costantino,  et  al.,  1964).  The  codes  require  a  medium- 
structure  interaction  mechanism  and  the  input  of  various  idealized 
medium  and  structure  parameters.  To  date  authors  of  the  various 
codes  and  analytical  techniques  have  had  difficulty  constructing  a 
mecnanism  which  realistically  describes  the  problem  and  which 
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incorporates  real  soil  and  structure  parameters. 

Economies  can  be  realized  in  the  design  of  hardened  structures 
through  a  better  understanding  of  soil-structure  interaction.  The 
structure  as  well  as  its  contents  will  be  involved,  since  the 
capability  will  exist  to  define  more  adequately  the  shock  environ¬ 
ment  inside  the  structure.  Savings  could  amount  to  10  to  20  percent 
of  the  total  cost  of  a  single  hardened  complex. 

1.3  PURPOSE  OF  THE  INVESTIGATION 

The  purpose  of  this  investigation  was  to  study  in  detail  the 
arching  mechanism  in  cohesive  soils  and  to  determine  how  it  is 
influenced  by  structure  stiffness,  depth  of  burial,  and  surface 
pressure. 

Several  corollary  objectives  were  established: 

1.  Determine  if  soil  arching  can  exist  in  cohesive  soils  under 
dynamic  conditions. 

2.  If  soil  arching  exists,  determine  the  mechanism  of  load 
transfer  involved. 

3.  Determine  the  applicability  of  static  trapdoor  and  similar 
experiments  to  the  dynamic  arching  problem. 

4.  Produce  well-documented  experimental  data  on  the  soil- 
structure  interaction  problem  under  dynamic  conditions  to  include: 
the  relative  deformations  involved;  the  size  of  the  soil  zone 
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involved  in  stress  transfer;  the  influence  of  burial  depth,  surface 
pressure,  and  structure  stiffness  on  the  extent  of  arching;  the 
amount  of  load  transfer  possible  in  a  clay  soil;  and  how  structural 
loading  is  influenced  by  the  medium  and  depth  of  burial  as  well  as 
surface  pressure. 

5.  Produce  a  means  by  which  the  experimental  results  will  be 
of  immediate  use  to  planners,  designers,  and  analysts  of  strategic 
structures. 

1.4  DEFINITION  OF  SOIL  ARCHING 

In  any  study  concerning  soil  arching  and/or  soil- structure 
interaction,  it  is  important  for  the  author  to  define  soil  arching 
as  he  uses  the  term  and  the  role  this  arching  plays  in  the  loads 
an  underground  structure  experiences.  For  example,  Wiehle  has 
stated  that  the  interplay  between  the  soil  and  structure,  i.e. 
the  loading  and  response  of  structure  and  soil,  as  the  stress  wave 
in  the  soil  propagates  past  the  structure  is  called  structure- 
medium  or  soil-structure  interaction. 

As  previously  discussed,  soil -structure  interaction  may  involve 
not  only  soil  arching  but  also  reflections  and  diffractions  of  the 
stress  wave  by  the  structure,  the  gross  transfer  of  momentum  between 
the  soil  and  structure  and  vice  versa,  the  redistribution  of  the 
load  from  one  portion  of  the  structure  to  another,  and  the  complete 
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loading  and  unloading  of  portions  of  the  structure  as  they  move 
away  from  and  into  the  soil  boundary. 

Soil  arching,  as  it  is  defined  for  this  study,  is  a  physical 
phenomenon  in  which  differential  soil  deformations  of  sufficient 
magnitude  transfer  loads  from,  to,  or  around  one  portion  of  the  me¬ 
dium  to  another  portion  of  the  medium.  This  transfer  of  load  causes 
the  stresses  in  the  affected  portions  of  the  medium  to  be  different 
from  those  which  would  have  been  present  had  no  differential  defor¬ 
mations  taken  place. 

Prior  to  the  onset  of  the  differential  deformation,  the  soil 
behaves  like  a  mass  possessing  the  properties  of  a  continuous  medium. 
The  most  commonly  discussed  type  of  disturbance  supporting  soil 
arching  is  that  in  which  a  differential  deformation  occurs  at  a 
point  in  the  medium  at  which  either  the  proportional  or  ultimate 
limit  of  the  material's  shear  strength  is  exceeded.  This  is  a 
plastic  type  action.  Of  course,  the  amount  of  soil  area  involved 
in  this  action  has  an  effect  on  the  amount  of  arching.  The  elastic 
solution  to  the  trapdoor  problem  shows  that  load  transfer  can  take 
place  without  the  development  of  a  general  or  gross  yield  condition 
over  a  large  area.  Localized  slippage  planes  or  merely  relative 
deformations  within  the  elastic  range  of  the  materials  are  entirely 
possible. 

It  is  also  possible  for  the  transfer  of  load  to  be  accomplished 
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without  exceeding  tlie  ultimate  strength  and/or  the  proportional 
limit  of  the  medium  over  a  large  area.  This  arching  may  be  thought 
of  as  "quasi-elastic"  although  the  soil  particles  may  or  may  not 
return  to  their  same  relative  positions. 

The  amount  and  type  of  arching  depend  upon  the  amount  of  rela¬ 
tive  deformation  within  the  soil,  the  stress-strain  curves  for  the 
soil  under  the  condition  in  which  it  is  being  strained,  the  boundary 
conditions,  and  the  total  area  of  soil  involved.  Although  the 
shear  strength  of  the  soil  is  normally  involved  in  most  arching 
calculations,  yielding  may  be  more  complicated  than  just  simple 
shear.  Notice  the  definition  as  developed  does  not  include  the 
processes  which  induce  or  support  the  differential  deformations 
within  the  soil. 

1.5  SCOPE  OF  THE  INVESTIGATION 

This  study  is  an  experimental  investigation  of  the  behavior 
of  an  idealized  structure  buried  at  various  depths  in  a  compacted 
cohesive  soil  (buckshot  clay,  water  content  =  2 6  percent).  Eight 
static  and  20  dynamic  plane  wave  loadings  up  to  310  psi  were  con¬ 
ducted.  The  cylindrical  test  device  (5  inches  high  and  6  inches  in 
diameter)  was  oriented  vertically  and  its  stiffness  relative  to  the 
soil  was  varied.  This  report  does  not  purport  to  be  a  design  man¬ 
ual;  however,  the  conclusions  developed  should  be  important  to  those 
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who  prepare  design  manuals  and  design  protective  structures. 

The  basic  idea  of  the  experiments  in  this  investigation  fol¬ 
lows  that  used  by  K.  Kienzl  to  study  arching  in  the  laboratory  of 
K.  Terzaghi  in  the  1930's.  His  experimental  device  consisted  of  a 
container  with  a  trapdoor  in  the  bottom.  He  placed  sand  at  dif¬ 
ferent  depths  over  the  trapdoor  and  then  determined  the  load  on  the 
trapdoor  as  it  was  lowered.  A  somewhat  similar  device  has  been  used 
by  A.  J.  Hendron  (1968)  and  J.  W.  McNulty  to  study  static  arching 
in  clay  and  sand,  respectively. 

Since  this  investigation  proposed  to  study  arching  under  dy¬ 
namic  conditions,  it  was  necessary  to  move  the  controlled  trapdoor, 
used  in  previous  experiments  of  this  nature,  away  from  a  fixed 
boundary.  At  the  same  time  it  was  desirable  to  proceed  to  a  con- 
I  '.-.tion  closer  to  that  of  a  real  structure. 

The  basic  scheme  was  a  trapdoor  device  built  on  the  order  of  a 
pressure  cell.  Essentially  it  was  a  6-inch-diameter  cylinder  with 
two  end  plates  mounted  on  a  spring  assembly.  Means  for  measuring 
the  deflection  of  the  top  cylinder  and  varying  che  stiffness  of  the 
springing  system  were  provided.  The  6-inch  diameter  was  chosen  to 
enable  a  comparison  to  be  made  with  previous  studies  and  to  limit 
the  possibility  of  the  area  involved  in  arching  being  disturbed 
by  friction  between  the  soil  specimen  and  the  sidewalls  of  the  test 
chamber . 
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The  device  was  placed  inside  a  47-inch  dynamic  test  chamber, 
the  Small  Blast  Load  Generator  (SBLG),  located  at  the  Waterways  Ex¬ 
periment  Station  (WES).  Five  preliminary  dynamic  tests  were  con¬ 
ducted  to  determine  the  best  soil  water  content  and  test  configura¬ 
tion  to  use.  In  addition  the  range  of  the  instrumentation  and  the 
gross  effects  were  determined.  Next,  eight  static  tests  were  con¬ 
ducted  using  two  device  configurations,  one  with  hydraulic  controls 
external  to  the  test  chamber  and  one  made  up  of  a  spring  system 
which  responded  to  the  soil  pressures  acting  on  it  (Section  3*2.2). 
Then  twenty  dynamic  tests  were  performed  with  the  device  using  a 
variable  spring  system  to  complete  experimental  program. 

The  parameters  selected  for  study  were: 

1.  To  determine  the  effects  of  the  method  of  inducing  arching, 
two  test  configurations  were  used. 

2.  To  examine  the  effect  of  depth  of  burial,  four  depths, 
ranging  from  a  depth  of  burial-to- trapdoor  diameter  ratio  (h/b)  of 
1/3  to  7,  were  used. 

3*  To  examine  overpressure  effects  and  compare  results  with 
previous  static  tests,  essentially  four  levels  of  overpressure  were 
used:  37*5 >  75  s  150}  and  240  psi. 

4.  To  examine  the  effects  of  the  relative  stiffness  of  the 
soil- structure  mechanism,  the  structure  stiffness  was  varied  through 
eight  stiffnesses  from  very  flexible  to  very  stiff. 
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In  the  static  portion  of  this  test  program,  soil  arching  was 
studied  with  very  little  concern  for  other  elements  of  soil- 
structure  interaction,  except  for  the  interaction  of  the  base  of 
the  test  device  with  the  soil  in  contact  with  it.  In  the  dynamic 
portion  of  the  test  program,  it  was  not  possible  to  separate  the 
arching  from  the  other  parts  of  the  soil- structure  interaction 
phenomenon.  An  extensive  discussion  of  what  constitutes  soil- 
structure  interaction  under  dynamic  conditions  has  been  prepared 
by  Wiehle. 

A  review  of  significant  experimental  and  analytical  work  in 
arching  and  soil- structure  interaction  is  presented  in  Chapter  2. 

The  test  device,  soils,  and  instrumentation  used  in  the  experi¬ 
ments,  their  placement  in  the  test  chamber,  and  the  test  procedures 
used  are  discussed  in  Chapter  3. 

A  detailed  summary  of  the  experimental  results  is  presented  in 
Chapter  4.  Trends  are  examined  and  discussed. 

In  Chapter  5,  a  compilation  and  comparison  of  results  as  well 
as  pertinent  conclusions  are  presented.  Each  of  the  test  variables 
is  examined  in  detail  in  an  attempt  to  analyze  its  effect  on 
arching . 

Chapter  6  contains  the  summary  of  results,  conclusions,  and 
some  recommendations  for  future  research  which  appeared  warranted  by 
this  study. 
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CHAPTER  2 


* 


SUMMARY  OF  PREVIOUS  RESEARCH 


2.1  GENERAL 

In  this  chapter  some  of  the  significant  experimental  and 
analytical  work  in  coil  arching  and  soil- structure  interaction 
directly  related  to  this  study  is  reviewed.  In  addition,  certain 
pertinent  studies  concerning  pressure  cells,  silos,  underground 
cylinders,  and  conduits  are  reviewed. 

At  least  three  annotated  bibliographies  have  been  published 
in  this  field.  One  prepared  by  Van  Horn  (1963b)  is  an  excellent  re' 
view  of  the  early  studies  of  loads  on  underground  structures.  The 
bibliography  prepared  at  the  Royal  Military  College  of  Canada  by 
Hughes,  Locker,  and  Stewart  is  probably  the  most  complete  list¬ 
ing  of  work  in  the  field  of  soil  dynamics  and  soil- structure  inter¬ 
action.  The  report  prepared  by  Wiehle  for  the  Defense  Atomic  Sup¬ 
port  Agency  (DASA)  is  undoubtedly  the  most  comprehensive  review 
and  analysis  of  the  theoretical  and  experimental  information  rela¬ 
tive  to  the  interaction  of  structures  with  soils  under  dynamic 
loading.  The  annotated  bibliography  in  Part  II  of  this  report  con¬ 
tains  160  entries.  Although  the  author's  opinions  concerning  some 
of  the  work  reviewed  may  be  questioned,  this  report  should  be  read 
by  anyone  working  in  this  field. 
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2.2  EARLY  THEORETICAL  AND  EXPERIMENTAL  INVESTIGATIONS 


Study  of  soil  arching  is  not  new;  in  fact,  some  of  the  most  famous 
early  investigators  in  the  art  and  science  of  soil  mechanics  dealt  with 
this  problem  extensively.  One  of  the  earliest  pertinent  analytical  and 
experimental  investigations  was  made  by  Engesser,  and  was  a  study  of 
soil  pressure  on  tunnel  walls.  Engesser  had  found  that  these  pressures 
were  considerably  smaller  than  those  predicted  by  the  theory  of  soil 
pressures  used  in  his  day  which  assumed  that  the  load  on  a  buried  struc¬ 
ture  was  equal  to  the  entire  weight  of  the  soil  above  it.  He  stated 
that  the  vertical  pressure  on  a  horizontal  strip  of  width,  b  ,  and  at  a 
depth,  h  ,  beneath  the  surface  could  assume  any  one  of  an  infinite  num¬ 
ber  of  values  which  lie  between  two  limits,  Figure  1.  Engesser  was 
interested  in  the  lower  of  the  two  limits. 

A  summary  of  Engesser' s  analysis  is  presented  below.  Consid¬ 
ering  the  initial  equilibrium  of  a  homogeneous  mass  of  soil,  the 
total  weight  of  the  body  ABCD  in  Figure  la  will  rest  on  the  strip 
AB.  If  the  supporting  strip  AB  sinks,  some  motion  will  occur  in 
the  soil  mass  and  a  new  equilibrium  with  lower  vertical  pressures 
on  the  strip  will  be  established.  Part  of  the  total  weight  of  the 
body  ABCD  will  be  transmitted  to  the  firm  ground  on  both  sides. 

Based  on  his  observations,  Engesser  assumed  that  a  parabolic  arch 
formed  in  the  soil  through  the  arching  action  of  the  individual  soil 
particles.  In  considering  a  halfspace  made  up  of  a  cohesionless 
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soil,  Engesser  stated  that  if  the  soil  mass  consisted  of  individual 
rigid  blocks,  the  entire  weight  of  mass  ABCD  would  be  transferred  to 
the  abutments  and  no  pressure  would  be  exerted  on  the  lower  surface 
of  the  arch  AGB,  Figure  lb.  Since  the  idealized  blocks  were  actually 
cohesionless  soil,  the  vertical  pressure  would  cause  a  downward  flow 
of  material  unless  it  was  prevented  by  a  vertical  force  acting  up 
on  the  lower  surface  of  the  arch.  Engesser  stated  that  these  forces 
corresponded  to  the  minimum  soil  pressure  that  would  be  exerted  on 
the  lower  surface  of  the  arch  AGB.  By  the  use  of  the  friction  angle, 
0  ,  and  specific  weight,  V  ,  of  the  material,  plus  the  tangent  angle 
to  the  arch  at  A  and  B,  i|i  ,  he  developed  formulas  for  the  specific 
thrust,  T  ,  at  A  and  B  of  the  lowest  soil  arch  and  the  vertical  pres¬ 
sure,  v  ,  exerted  on  the  arch.  He  next  assumed  that  the  smallest 
vertical  force  and  thrust  would  result  when  the  lowest  soil  arch  sup¬ 
ported  only  its  own  weight  and  obtained  the  following  formulas : 

T  =  2  tan  f  (Y  "  h  )  ^ 

v  =  T  tan2  |9°^|  (2) 

By  substituting  the  value  of  T  in  the  formula  for  v  and 
setting  ijf  =  $  ,  Engesser  obtained  what  he  termed  the  minimum  value 
for  vertical  pressure 

hby  tan2  ^  ) 

2h  tan  $  +  b  tan2 


lU 


v 


(3) 


In  order  to  "check  his  theory,"  Engesser  performed  experiments 
to  determine  the  minimum  pressure  acting  on  a  horizontal  strip  in 
a  box  40  cm  high  and  20  cm  wide  mounted  on  legs  as  shown  in  Figure 
lc.  The  opening  in  the  bottom  could  be  controlled  by  means  of 
a  slide  located  above  the  bottom  of  the  box.  The  box  was  filled 
with  sand  and  one  pan  of  a  laboratory  balance  was  placed  under  the 
opening  and  pressed  against  the  bottom  of  the  box  by  the  weight 
on  the  other  pan.  After  the  slide  was  opened,  the  right  tray  was 
gradually  unloaded  until  the  lower  limit  of  equilibrium  was  reached. 
This  was  indicated  by  a  sudden  downward  motion  of  the  tray  under 
the  box.  For  large  depths  of  sand,  Engesser  found  that  his  theory 
gave  reasonably  accurate  estimates  of  the  load.  For  a  sand  height 
of  40  cm,  the  pressure  measured  was  140  to  144  grams.  His  theory 
yielded  a  weight  of  l4o  grams.  The  values  observed  with  the  box 
filled  to  a  height  of  15  cm  were  almost  the  same.  With  the  box 
filled  to  a  height  of  6  cm  the  observed  minimum  pressure  increased 
to  180  grams,  whereas  his  theory  yielded  a  value  of  133  grams. 

Thus  it  was  obvious  that  the  assumptions  of  the  theory  were  not 
completely  satisfied  at  small  heights.  The  observed  minimum  pres¬ 
sure  was  considerably  closer  to  the  amount  computed  by  his  theory 
than  it  was  to  the  customary  theory  used  in  that  day,  which  assumed 
that  the  entire  weight  of  the  soil  above  the  door  would  be  exerted  on 
the  door.  The  author  also  developed  the  stresses  that  would  act 
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against  the  walls  of  the  tunnel,  considering  the  weight  of  the  mate¬ 
rial  above  the  tunnel,  the  thrust  exerted  by  the  arch  above  the  tun¬ 
nel,  and  the  lateral  pressure  of  the  soil  at  the  level  of  the  tunnel. 

Terzaghi  wrote  about  arching  from  several  points  cf  view.  One 
of  his  early  papers  (1919)  discussed  earth  pressure  phenomena  in 
locally  stressed  fills.  Terzaghi  considered  Engesser's  work  as  a 
correct  explanation  of  the  occurrence  of  wedging  in  a  fill  between 
rough  walls  of  a  container  or  inside  a  locally  unloaded  fill.  But 
he  considered  the  analysis  using  a  "fill -vault, "  his  word  for 
Engesser's  arches,  to  be  of  questionable  value  since  it  was  not 
related  to  earth  pressure  theory.  From  the  results  of  his  investi¬ 
gations,  Terzaghi  concluded  that  the  first  equilibrium  disturbance 
occurs  where  the  stress  in  the  soil  first  reaches  a  limit  of  the 
upper  active  or  lower  passive  earth  pressures.  Within  the  limiting 
stresses  the  relation  between  stress  and  deformation  is  similar  to 
that  in  an  elastic  mass. 

To  explain  his  theory,  Terzaghi  used  the  analogy  of  a  concrete 
block  whose  dimensions  were  so  large  that  the  stresses  produced  by 
its  deadweight  almost  lead  to  its  failure.  This  block  was  placed 
on  a  base  cut  between  A  and  B  as  shown  in  Figure  2a.  Terzaghi 
stated  that  tensile  stresses  as  indicated  by  the  minus  signs  would 
occur  directly  above  the  cut  base.  Compressive  stresses  indicated 
by  the  plus  sign  would  occur  above  the  tensile  stresses.  Terzaghi 
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stated  that  since  the  tensile  stress  of  concrete  was  very  low,  the 
block  would  fail  by  tension  and  form  a  load-bearing  vault  above  the 
cut.  He  considered  the  term  "vault"  not  to  mean  a  new  formation 
resulting  from  a  rearrangement  of  soil  particles,  but  as  a  designation 
for  a  part  of  the  soil  in  which  only  compression  and  shear  stresses 
occur  prior  to  the  onset  of  the  first  soil  disturbance.  The  major 
principal  stresses  would  be  oriented  horizontally. 

Terzaghi  (1936b)  stated  that  arching  per  se  had  been  known  and 
studied  for  at  least  100  years  at  the  time  he  wrote  his  articles. 
Terzaghi  (1936a)  expressed  an  opinion  that  the  contradiction  between 
retaining  wall  theory  and  reality  was  due  to  the  arching  of  the 
material  between  the  wall  and  the  zone  of  soil  which  was  not  moving. 

He  explained  this  arching  by  stating  that  the  lateral  expansion  of 
the  soil  must  be  associated  with  a  vertical  shortening  of  the  ex¬ 
panding  material  regardless  of  the  boundary  conditions  between  the 
soil  and  the  retaining  wall.  The  body  of  material  located  above 
the  expanding  zone  moved  downward. 

Terzaghi's  (1936b,  c)  study  of  arching  in  sand,  which  he  con¬ 
ducted  with  a  trapdoor  arrangement  fitted  to  the  bottom  of  the  box 
filled  with  sand,  is  the  classic  experimental  study  in  the  field. 

In  these  trapdoor  studies,  he  found  that  small  downward  movements 
of  the  trapdoor  reduced  the  vertical  pressure  on  the  door  to  a  small 
fraction  of  what  it  had  been  before.  As  long  as  the  movement  of  the 
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trapdoor  remained  small,  it  produced  a  vertical  expansion  and  a 
lateral  contraction  of  the  lower  part  of  the  body  of  sand  which  was 
located  above  the  trapdoor.  Because  of  this  deformation,  the  sand 
located  on  both  sides  of  the  deforming  body  expanded  laterally  like 
the  backfill  of  a  retaining  wall.  Since  the  lateral  expansion  was 
associated  with  a  vertical  contraction,  shear  stresses  developed 
along  two  inclined  planes  and  transferred  part  of  the  weight  of  the 
body  onto  the  undisturbed  part  of  the  medium.  Terzaghi  stated  that 
the  arching  phenomenon  also  could  be  expected  to  occur  in  tunnels, 
well  shafts,  and  grain  bins. 

In  his  textbook,  Theoretical  Soil  Mechanics,  Terzaghi  (1943) 
discussed  arching  from  the  point  of  view  of  a  shear  failure  in  an 
ideal  soil.  He  developed  relations  for  the  load  on  a  yielding  hori¬ 
zontal  strip  using  the  concept  of  the  vertical  shear  planes  as  ex¬ 
plained  in  the  previous  paragraph.  These  relations  were  derived  by 
considering  the  pressure  on  the  yielding  strip  equal  to  the  difference 
between  the  weight  of  the  material  and  any  superimposed  loads  located 
above  the  strip  and  the  full  frictional  resistance  developed  along 
the  vertical  surfaces. 

All  modern  theories  of  soil  arching  appear  to  be  derived  from 
some  combination  of  the  basic  theories  postulated  by  Engesser  and 
Terzaghi. 

One  of  the  most  comprehensive  investigations  of  the  static 
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forces  acting  on  embedded  structures  such  as  pipes,  conduits,  tunnels, 
etc.,  was  accomplished  by  Voellmy.  He  first  investigated  the  pres¬ 
sures  on  buried  structures  without  allowing  them  to  deform.  He  then 
investigated  the  problem  allowing  the  structure  to  deform  while  the 
bedding  material  under  the  structure  material  around  the  structure 
settled.  Most  of  his  investigations  dealt  with  circular  structures. 
Voellmy  included  a  detailed  survey  of  the  literature  dealing  with 
earth  pressures  and  reactions  as  they  applied  to  the  problem  of 
determining  pressures  acting  on  the  buried  structure  through  1934. 

He  compared  the  results  of  these  investigations  with  those  of  his 
own  and  a  series  of  experiments  that  he  performed  on  pipe  structures. 

In  his  analytical  approach  to  the  problem,  Voellmy  considered 
the  magnitude  and  distribution  of  the  earth  load  as  well  as  its 
limiting  value  considering  the  elastic  behavior  of  the  structure  and 
the  soil.  He  chose  inclined  plane  surfaces  as  his  failure  planes. 
Voellmy's  study  showed  that  the  loads  on  an  embedded  structure  were 
dependent  upon  the  manner  of  installation  and  the  relative  deforma¬ 
tion  between  the  structure  and  the  soil  around  it. 

Tschebotarioff  has  written  considerable  material  on  arching  and 
the  transfer  of  stress.  Much  of  his  material  is  concerned  with  earth 
pressures  against  retaining  walls  and  vertical  arching  behind  a 
bulkhead.  In  his  book,  Soil  Mechanics,  Foundations,  and  Earth  Struc¬ 
tures,  1951,  he  summarized  some  of  the  work  in  the  field  and  work 
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that  he  tiad  performed  and  reported*  In  addition,  Tschebotarioff  die* 
cussed  the  pressures  in  silos  and  bins  and  the  arching  involved  which 
he  calls  "bin  arching." 

Tschebotarioff  considered  the  term  "arching"  to  be  ambiguous 
since  he  did  not  believe  arching  was  involved  when  shearing  stresses 
were  developed  between  soil  elements  which  transferred  pressures 
from  one  part  of  a  bulkhead  to  another.  In  fact,  he  stated  that 
the  terms  "arching"  and  "transfer  of  pressure  by  shear  stresses " 
were  not  synonymous.  He  agreed  that  arching  may  involve  some 
transfer  of  pressure  by  shear  but  stated  that  pressure  could  be 
transferred  by  shear  without  any  arching  being  involved. 

Tschebotarioff  limited  the  term  "arching”  to  the  transfer  of 
either  vertical  or  horizontal  pressures  toward  two  or  more  rigid 
boundaries  since  an  arch  must  have  rigid  abutments.  He  developed 
what  he  termed  a  true  parabolic  arch  and  used  it  to  illustrate  the 
reasons  for  the  distribution  of  pressure  behind  a  bulkhead.  He  ap¬ 
peared  to  believe  that  arching  could  not  exist  in  clay  since  the 
formation  of  an  arch  requires  a  tightly  packed  wedge  against  two 
unyielding  abutments  (Tschebotarioff,  1951)  . 

2.3  CONDUIT  AND  CYLINDER  STUDIES 

Experimental  and  analytical  work  in  the  area  of  conduit  and  tunnel 
design  has  been  going  on  for  some  time;  design  of  underground  cylinders 


20 


as  protoctivo  structures  is  a  similar  problom  of  more  recent  origin. 
Work  in  the  design  of  buried  conduits  and  cylinders  is  related  to  the 
study  or  arching  and  soil-structure  interaction.  Dorris  provided  an 
excellent  summary  of  the  work  in  both  conduits  and  cylinders. 

The  work  by  Marston  and  Spangler  should  he  noted  particularly. 
This  work  was  aumnarized  in  19J*0  by  Spangler  and  extended  by  him  in 
19%.  Their  basic  approach  was  to  consider  the  equilibrium  of  the 
soil  above  the  conduit  between  two  vertical  planes  of  shear.  The 
summation  of  the  friction  forces  along  these  planes  and  the  uclghts 
of  the  differential  elements  made  it  possible  to  determine  a  pres¬ 
sure  or  force  acting  on  the  conduit.  Both  rigid  and  flexible  con¬ 
duits  were  considered.  Gome  of  the  analysis  is  similar  to  that  of 
Voellmy. 

An  important  concept  in  the  work  of  Marston  and  Spangler  v/as  the 
use  of  a  plane  of  equal  settlement  separating  the  soil  which  expe¬ 
riences  a  deformation  from  that  which  was  merely  furnishing  a  load. 
This  plane  could  be  located  above  the  soil  surface  or  within  the 
soil  medium;  its  location  was  determined  by  the  use  of  an  empiri¬ 
cally  derived  curve. 

In  the  analysis  of  flexible  conduits,  the  use  of  a  horizontal 
modulus  was  required.  The  use  of  this  modulus  provided  the  means 
for  calculating  the  horizontal  support  of  the  soil  which  resisted 
the  lateral  deflection  of  the  conduit.  This  modulus  of  passive 
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soil  resistance  la  difficult  to  determine.  The  baalo  for  their 
failure  criteria  wao  either  a  maximum  allowable  change  In  diameter 
or  a  maximum  allowable  ^ tress  in  the  conduit  wall. 

Watkins  (196^»  19^6)  has  extended  the  work  of  Spangler  and 
Maraton  based  on  the  aeaumption  that  the  conduit  ring  is  just  one 
component  of  a  soil-structure  Interaction  system.  He  also  has 
attempted  to  correlate  the  modulus  of  soil  reaction  with  properties 
that  are  easily  measured.  Watkins  considers  that  the  coil  not  only 
exerts  a  pressure  on  the  conduit  but  it  also  contributes  to  struc¬ 
tural  strength  as  determined  by  the  relative  stiffness  of  soil  and 
conduit.  He  assumes  small  displacements  in  order  to  justify  elas¬ 
tic  analysis.  His  structural  design  is  based  on  conduit  deformations 
which  fall  into  two  areas  of  consideration:  wall-crippling  and  ring 
deflection.  He  compares  his  approach  to  the  classical  theory  of 
column  design  which  is  based  on  an  allowable  stress  which  is  gov¬ 
erned  by  buckling,  crushing,  or  a  transition  between  these  two  types 
of  failures. 

The  soil  is  assumed  to  be  homogeneous  and  of  great  extent,  in 
all  directions.  Cohesion  is  not  specifically  included  since  soil 
modulus  is  assumed  to  be  much  more  important  than  soil  strength. 

2.4  PRESSURE  CELL  RESEARCH 

The  development  of  pressure  cells  seems  to  be  particularly 
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applicable  to  the  static  investigations  of  this  study.  Considerable 
work  has  been  expended  in  trying  to  design  a  pressure  cell  which 
would  correctly  record  the  pressures  in  soils  and  concrete.  With¬ 
out  such  a  cell  it  is  not  possible  to  check  some  of  the  theories, 
especially  in  the  field  of  soil  mechanics. 

Kogler  and  Scheidig  pointed  out  that  a  gage  more  rigid  than 
the  surrounding  soil  would  indicate  pressures  greater  than  those 
existing  in  the  soil  before  the  gage  was  introduced.  A  gage  les3 
rigid  than  the  soil  would  indicate  a  pressure  belcw  that  actually 
occurring  in  the  material.  In  other  words,  to  be  free  of  error  the 
gage  should  have  the  some  modulus  as  the  soil. 

As  explained  in  the  next  chapter,  the  structure  used  in  this 
test  program  is  somewhat  similar  to  a  gage.  Information  developed 
in  the  investigation  of  pressure  cells  was  used  in  the  design  of  the 
test  device.  The  soil  pressure  cell  investigation  published  by  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  (1944)  con¬ 
cluded  that,  among  otuer  things,  diameter  to  thickness  ratio  of  a 
pressure  cell  should  exceed  5,  and  the  ratio  of  the  diameter  to  the 
deflection  of  the  gage  diaphragm  should  exceed  2,000. 

Taylor,  using  the  concepts  of  soil  mechanics  and  previous  devel¬ 
opments  by  Carlson  (1936),  developed  a  relation  between  cell  error  and 
dimension.  Taylor  derived  an  expression  relating  the  dimension  of  a 
pressure  cell  to  its  accuracy.  He  used  a  proportionality  factor  which 
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he  called  the  "cell  action  factor,"  a  function  of  the  modulus  of  the 
gage  in  relation  to  the  modulus  of  the  soil.  He  found  that  provided 
the  "cell  action  factor"  was  greater  than  10,  the  error  factor  was  ap¬ 
proximately  constant.  Thus,  he  concluded  that  overregistration  would 
be  a  known  constant  and  would  not  vary  with  the  relative  stiffness  of 
the  soil  provided  the  gage  was  very  stiff  in  relation  to  the  coil. 

Whiffen  and  Morris  described  a  gage  which  was  developed  for 
the  Road  Research  Laboratory  in  Great  Britain.  This  gage  possessed 
an  elastic  modulus  higher  than  that  of  any  soil.  They  demonstrated 
that  the  ratio  of  the  change  in  error  to  change  in  the  modulus 
ratio  became  negligible  when  the  modulus  of  the  gage  greatly 
exceeded  that  of  the  soil.  In  their  case  it  was  10  percent  irrespec¬ 
tive  of  the  soil  properties. 

Monfore  investigated  the  distribution  of  pressure  on  the  face 
of  a  gage  embedded  in  a  homogeneous,  elastic  mass.  The  analysis 
was  more  rigorous  than  Taylor's  investigation  of  the  influence  of 
the  cell  on  pressure  distribution  in  or  near  the  cell.  Boussinesque 
equations  were  used  to  set  up  a  system  of  simultaneous  equations 
for  several  cases  of  interest.  The  solution  of  these  systems  of 
equations  gave  the  stress  distribution  on  and  near  the  gage.  The 
gage  was  a  small  disk-shaped  device  l/2  inch  thick  and  2-1/2  inches 
in  diameter. 

The  stress  distribution  and  the  variation  in  the  stress 
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distribution  with  the  ratio  of  the  thickness  to  the  diameter  of  the 
gage  are  shown  in  Figure  3a.  From  this  figure ,  it  can  be  seen  that 
the  thicker  the  gage,  the  higher  the  overregistration.  Similar 
results  were  derived  by  Taylor. 

The  effect  of  the  ratio  of  elastic  moduli  on  gage  errors  is 
shown  in  Figure  3b.  According  to  Monfore's  calculations  the  stress 
gage  will  have  positive  errors  when  the  gage  modulus  is  greater  than 
the  modulus  of  the  soil  and  negative  errors  for  the  reverse.  The 
errors  are  numerically  smaller  when  the  gage  modulus  is  larger  than 
that  of  the  soil.  Monfore  concluded  that  the  modulus  of  the  guge 
should  be  the  same  as  the  soil  or  other  medium  used,  when  possible; 
if  this  is  not  possible,  it  should  be  larger  than  the  modulus  of  the 
medium. 

The  significance  of  the  pressure  cell  work  will  become  apparent 
upon  examination  of  the  experimental  results  from  this  test  program 
and  those  of  Mason,  Criner,  Waissar,  and  Wallace.  The  effects  of 
the  ratio  of  the  length  to  diameter  of  the  test  structure  as  well 
as  the  effects  of  relative  structural  stiffness  were  similar  to 
those  predicted  by  the  pressure  cell  studies. 

2.5  SILO  AND  GRAIN  EIEVATOR  STUDIES 

One  type  of  arching  which  has  received  extensive  study  is 
that  which  exists  in  silos  and  grain  elevators.  As  noted  in 
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Section  2.2,  Tschebotarioff  (1951)  believed  that  the  only  condi¬ 
tion  under  which  arching  could  take  place  was  when  two  rigid  walla 
were  available.  Whether  a  soil  mass  is  moving  with  respect  to  a 
fixed  wall  or  whether  there  is  relative  movement  within  the  medium 
is  not  important  in  the  consideration  of  whether  arches  form  or  not. 
Therefore,  the  study  of  soil  arching  should  take  into  consideration 
what  has  been  learned  from  the  design  and  testing  of  silos  and  grain 
bins.  Although  the  method  of  applying  pressure  to  the  material  in  a 
silo  may  be  considerably  different  from  that  of  applying  pressure 
to  the  surface  of  a  soil,  there  is  some  relation  between  these  two 
problems.  There  is  pressure  relief  in  one  part  of  the  me di um  while 
packing  or  compression  takes  place  in  other  parts  in  both  cases. 

Jamieson  gave  evidence  that  late  in  the  19th  century  it  was 
realized  that  the  pressure  on  the  walls  of  silos  and  grain  bins 
was  not  uniform  and  that  the  pressure  on  the  base  was  not  the  total 
weight  of  the  material  in  the  container.  Early  work  in  this  area 
originated  from  the  necessity  to  design  stable  silos  and  bins.  Ana¬ 
lytical  approaches  were  presented  by  Airy  and  Janssen.  Formulas  de¬ 
rived  by  Janssen  can  be  found  throughout  the  literature. 

Airy  made  tests  to  obtain  the  coefficient  of  friction  between 
the  grain  and  the  construction  materials  normally  used.  From  these 
data  and  the  weight  of  the  grain,  he  formulated  a  means  for  calcu¬ 
lating  the  pressures  in  a  bin  of  any  depth  or  breadth.  From  his 
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formulas,  Airy  found  that  the  maximum  weight  on  the  bottom  of  a  bin 
occurred  when  the  depth  of  the  grain  was  equal  to  3-1/2  times  the 
width  of  the  bin.  As  mere  grain  was  added  to  the  bin,  the  load  on 
the  bottom  decreased  until  the  grain  ultimately  reached  a  depth  when 
the  only  remaining  load  on  the  bottom  of  the  bin  would  be  that  of  a 
cone  of  grain  whose  sides  were  at  the  greatest  angle  of  repose  of 
the  material  and  whose  base  was  equal  to  the  horizontal  cross- 
sectional  area  cf  the  bin.  The  rest  of  the  weight  would  be  carried 
by  the  bin  walls. 

Caquot  (1934,  1949,  and  1957)  derived  expressions  for  the 
pressures  in  a  yielding  mass.  He  assumed  the  entire  mass  to  be  a 
system  of  parabolic  arches  which  he  termed  "conjugate  surfaces." 

In  the  case  of  silos  filled  with  grain,  the  arches  were  supported  by 
the  friction  acting  at  the  walls  of  the  silo. 

Extensive  studies  of  the  flow  of  hulk  solids  have  been  per¬ 
formed  by  Jenike  and  others  (1958  and  1964)  at  the  University 
of  Utah.  They  have  derived  a  mathematical  concept  for  the  flow 
of  bulk  solids.  The  concept  was  adapted  to  a  modified  rigid  plastic 
Coulomb  solid. 

In  this  type  of  problem,  the  author  was  interested  in  the  flow 
pattern  and  the  fact  that  the  material  would  continue  to  flow; 
therefore,  Jenike  was  trying  to  determine  a  factor  which  depicted 
the  condition  he  calls  "no  doming"  and  "no  piping"  within  the  container. 
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He  found  that  when  a  bin  was  opened  the  material  that  fell  out  formed 
an  arch  or  dome  in  the  vicinity  of  the  opening  if  pressures  in  the 
arch  of  material  did  not  exceed  its  strength.  If  the  pressure  ap¬ 
plied  to  the  material  exceeded  the  strength,  then  the  dome  or  arch 
disintegrated.  Jenike's  work  is  directed  toward  the  design  of 
bins,  bin  outlets,  sides  or  openings,  flow  channels,  and  items  of 
this  nature.  His  limiting  case  is  a  self-supporting  arch  of  unit 
height  with  the  mass  of  the  material  above  this  arch  exerting  no 
force  on  it. 

Richmond  in  his  paper  on  gravity  hopper  design  considered  the 
arch  formed  at  the  exit  to  have  a  semi-infinite  extent  of  material 
above  it.  He  considered  bins  with  both  smooth  and  rough  walls. 
Richmond  stated  that  if  the  cross  section  of  the  hopper  was  too 
small  at  any  location  or  if  the  slope  of  the  wall  was  too  small, 
the  material  would  form  an  arch  or  dome  which  would  prevent  the 
material  from  moving.  He  considered  the  best  design  to  be  one  in 
which  the  material  was  everywhere  on  the  verge  of  arching.  His 
analysis  appears  to  be  nothing  more  than  an  equilibrium  approach  in 
which i  arbitrary  horizontal  sections  are  used  and  the  forces  in  a 
vertical  direction  are  summed.  In  other  words,  he  has  made  a  force 
balance  of  the  force  acting  on  his  horizontal  slice  of  material. 

All  the  arching  studies  seem  to  consider  the  formation  of  an 
actual  arch  or  arches  within  the  material.  Some  are  at  the  outlet. 
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while  some  are  up  in  the  medium.  All  authors  perform  a  summation 
of  the  forces  acting  on  the  arch  while  considering  the  strength  of 
the  material  itself  and  the  friction  acting  at  the  walls.  The  major 
difference  seems  to  be  the  shape  of  the  container  and  manner  in  which 
the  forces  are  applied  to  the  arch. 

An  interesting  paper  by  Kallstenius  shows  pictures  of  flow 
patterns  observed  during  the  emptying  of  a  container  of  sand,  which 
had  vertical  lucite  walls,  500  mm  high.  The  trapdoor  at  the  bottom 
had  three  possible  openings,  8,  25,  and  50  mm.  The  author  f ilJ  .;d  the 
container  with  alternate  layers  of  two  colors  of  normal  sand.  The 
photographs  enabled  him  to  study  the  zones  of  disturbance .  He  found 
that  the  diameter-to-heipht  ratio  of  the  disturbed  mat o rial  increased 
with  time  as  more  material  flowed  out  of  the  contai  mr.  Before  the 
disturbance  reached  the  surface  of  the  medium,  the  t?1ow  pattern 
changed  so  that  the  disturbed  zone  sloped  out  from  the  edges  of  the 
door  and  formed  more  of  an  inverted  triangle .  Kvap.il  performed 
similar  experiments  on  a  much  larger  sc .i.e  with  similar  results. 

All  the  literature  found  considers  arching  to  occur  in  grain 
elevators,  tanks,  bins,  etc.,  used  for  storing  compressible  materials 
unless  the  height  of  the  material  is  small  compared  to  the  radius  of 
the  container.  If  the  depth  of  material  is  small,  most  of  the  weight 
is  transferred  directly  to  the  floor.  As  the  depth  of  nateriai  in¬ 
creases,  a  larger  percentage  of  the  weight  is  supported  by  fri -  lion 
at  the  walls.  At  sane  given  height,  all  of  the  weight  of  any  added 
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material  may  be  tft. :  sfer red  by  friction  to  .  bV.o  friction 

between  the  material  and  wails  snem  ^  •'  s>t,s.c*n  cl:  an  s.v.'h, 

according  to  most  investigators.  Unforti  ,  mu.%  >i'  ’n.-  9&/«K*iMn 

are  directed  toward  finding  reasonable  values  for  the  nolc.  21.1  >?- 

sary  to  maintain  or  support  flow  out  of  the  container.  The  signifi¬ 
cant  facts  are:  arches  have  been  observed  in  cohesive  and  frictional 
material,  and  most  of  the  analyses  are  supported  by  actual  measure¬ 
ments  or  experiments. 

2.6  RECENT  THEORETICAL  AND  EXPERIMENTAL  STUDIES 

2.6.1  General.  A  rather  large  number  of  theoretical  and  ex¬ 
perimental  studies  recently  have  become  available  in  the  fields  of 
arching  and  soil-structure  interaction.  Most  of  this  information  has 
been  generated  by  the  needs  of  Defense  Department  agencies  that  are 
seeking  methods  to  design  protective  structures  for  command  centers, 
weapons  enclosures,  or  logist  .c  installations  which  are  reasonably 
economical  to  construct  but  which  give  assured  protection  to  the 
contents.  Much  of  the  problem  centers  around  methods  for  determining 
the  loads  on  and  the  environment  within  underground  structures.  In 
addition,  means  of  analyzing  the  structures  as  well  as  means  of 
analyzing  the  method  by  which  loads  are  applied  to  the  structure  are 
of  interest.  Of  current  interest  is  the  old  but  unsolved  problem 
of  designing  protective  structures  against  conventional  weapons. 

In  the  area  of  fundamental  research  concerning  the  arching 
phenomenon,  there  have  been  at  least  two  static  studies  which  involved 
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the  trapdoor  approach.  One  study  used  dry  sand,  while  the  other  was 
in  clay.  There  have  been  several  other  studies  in  which  a  trapdoor 
arrangement  was  used  to  study  the  deformation  of  sand  in  a  container 
with  deflection  of  the  trapdoor.  There  are  at  least  three  studies  in 
which  a  configuration  other  than  a  trapdoor  was  used  at  the  base  of  a 
test  chamber.  One  was  a  dome.  Another  group  of  reports  is  concerned 
with  a  square  structure  and  still  another  group  covers  work  with  a 
vertical  cylinder.  The  base  of  the  test  chamber  seems  to  apply  an 
unrealistic  boundary  condition  to  the  close  examination  of  the  soil- 
structure  interaction  problem. 

Several  experimental  studies  have  been  accomplished  with  various 
structural  shapes  located  in  the  medium  away  from  the  base.  The  ma¬ 
jority  of  these  were  concerned  with  cylinders  and  arches.  All  except 
two  of  these  reports  deal  with  structures  buried  in  sand.  Two  of  the 
reports  contained  a  small  number  of  tests  in  clay.  Only  one  of  these 
test  series  was  made  with  dynamic  overpressures.  All  of  these  fun¬ 
damental  arching  studies  are  summarized  briefly  in  Section  2.6.3. 

In  addition  to  the  experimental  programs,  there  have  been  a  con¬ 
siderable  number  of  theoretical  studies  either  to  support  experimental 
programs  and  interpret  the  data  or  in  an  effort  to  determine  means 
whereby  structures  can  be  designed  without  resort  to  tests.  Several 
of  these  programs  are  summarized  in  the  section  below. 

2.6.2  Theoretical  Studies.  A  majority  of  the  theoretical 
studies  deal  with  ideal  materials.  Mathematical  models  are 
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formulated,  that  can  be  solved  or  an  attempt  can  be  made  to  solve  by 
classical  mathematical  techniques.  One  example  of  these  theoretical 
studies  is  that  by  Finn  in  which  he  presents  a  general  solution  for 
the  stresses  anywhere  in  a  soil  mass  with  a  yielding  base.  In  his 
analysis,  Finn  used  what  he  terms  the  linear  theory  of  elasticity, 
i.e.,  he  assumes  that  the  stress-strain  curve  for  the  material  is 
linear  and  that  the  theory  of  small  deformations  holds.  The  author 
points  out  that  elastic  theory  may  be  applied  to  nonelastic  soil  if 
a  constant  ratio  exists  between  the  stresses  and  strains.  He 
criticizes  Terzaghi's  solution  to  the  problem  since  it  gave  the  dis¬ 
tribution  of  pressures  vertically  above  the  trapdoor  only. 

Evidently  the  author  had  not  seen  the  article  by  Terzaghi  and 
Richart.  Finn  defines  arching  as  "the  transfer  of  pressure  from  a 
yielding  soil  mass  to  a  stationary  soil  mass."  The  author  believes 
arching  can  take  place  with  only  relative  motion.  He  further  states 
that  while  instantaneous  arching  may  occur  in  plastic  clays,  creep 
can  be  expected  to  eliminate  this  condition  over  a  period  of  time. 

He  considers  the  theories  which  utilize  the  development  of  slip  sur¬ 
faces  to  be  based  on  a  "radical  assumption"  and  a  state  of  plastic 
equilibrium. 

Finn  presents  a  two-dimensional  solution  of  the  trapdoor  problem 
with  small  displacements.  The  author’s  results  show  that  the  stresses 
in  the  vertical  direction  dissipate  rapidly  with  distance  above  the 
yielding  base.  At  a  distance  of  2-1/2  B  above  the  trapdoor  this 
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stress  is  only  4  percent  less  than  that  on  the  base  itself.  For 
small  displacement,  Finn's  analytical  expressions  show  that  stress  is 
proportional  to  the  displacement  of  the  door.  The  pressure  distri¬ 
bution  at  the  level  of  the  trapdoor  due  to  the  displacements  only 
is  shown  in  Figure  4.  The  tension  above  the  door  would  be  relieved 
by  the  amount  of  compressive  stress  contributed  by  the  weight  of  the 
material  above  the  door. 

Chelapati  modifies  Finn's  solution  to  take  into  considera¬ 
tion  the  depth  of  the  soil  and  an  imposed  load  on  the  surface  of  the 
soil.  Chelapati  had  trouble  with  this  problem  in  that  at  the  edges  of 
the  yielding  strip  the  arching  stress  becomes  unbounded  so  that  the 
interval  cannot  be  evaluated.  He  assumes  that  tensile  forces  cannot 
be  transmitted  to  the  soil  and  discards  that  portion  of  the  stress 
distribution  where  the  tensile  force  exceeds  the  compressive  force. 
This  may  not  be  a  particular  drawback  when  large  surface  pressures 
are  imposed.  The  major  limitation  '•perns  to  be  +v>o  ■feet  that  he  V- 
dealt  with  an  elastic,  homogeneous  medium. 

From  the  results  of  this  test  program  it  will  be  seen  that  the 
strains  experienced  by  a  clay  material  usually  exceed  what  could  be 
termed  linear  deformations. 

Bedesem  (1964)  presents  a  somewhat  different  approach  to  the 
problem  of  the  trapdoor  deflecting  away  from  a  medium.  His  model 
is  based  on  the  two-dimensional  plain-strain,  plastic  solution  for 
a  material  satisfying  the  Mohr-Coulomb  failure  criteria.  The 
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equations  of  dynamic  motion  for  this  material  are  developed  and  they 
include  the  possibility  of  inertia.  Fully  plastic  solutions  to  the 
equations  developed  for  the  motion  of  the  medium  are  attempted  only 
for  a  plastic  material  which  is  incompressible.  It  is  necessary  for 
the  author  to  increase  the  angle  of  internal  friction  as  a  function 
of  the  cover-to-span  ratio  in  order  to  obtain  agreement  between  his 
results  and  experimental  data. 

Sirieys  presents  an  elastoplastic  solution  for  the  stress 
around  a  tunnel  located  in  rock  which  satisfies  the  Mohr-Coulomb 
failure  criteria.  The  distribution  of  circumferential  stresses 
along  a  radial  line,  Figure  5,  should  be  consulted  when  checking 
the  pressure  profiles  in  Chapter  4.  McNulty  discusses  Sirieys' 
distribution  and  compares  his  test  results  with  it.  The  stress 
distribution  includes  both  a  plastic  and  an  elastic  region,  which 
seems  to  be  reasonable  in  the  light  of  the  results  found  in  this 
test  program. 

Sylwestrowicz  presents  the  results  of  an  experimental  investi¬ 
gation  of  the  punch  of  a  footing  into  sand  and  clay.  The  experi¬ 
ments  were  conducted  under  conditions  of  plane  strain.  He  compares 
the  behavior  of  the  footing  with  the  Drucker-Prager  theory  of  plastic 
behavior  of  materials.  His  displacement  distributions  in  the  model¬ 
ing  clay  look  very  similar  to  a  passive  arching  stress  distribution. 

A  theoretical  study  by  Gravesen  may  offer  some  possibility  of 
correlating  the  trapdoor  studies.  Gravesen  presents  a  solution  for 
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the  problem  of  a  piston  moving  perpendicular  to  a  stiff  plate  which 
has  "been  placed  on  an  elastic  half space.  He  allows  the  piston  to  de¬ 
flect  away  from  the  elastic  halfspace  while  the  halfspace  is  restrained 
by  the  stiff  plate.  Gravesen  finds  a  relation  between  the  deflec¬ 
tion  of  the  piston  and  the  force  on  the  piston  using  a  series  of  circu¬ 
lar  areas  and  the  superposition  of  a  load  on  each  area  similar  to  the 
work  done  by  Monfore.  The  author  assumes  a  stress  distribution 
on  the  piston  and  then  approximates  this  stress  distribution  with 
a  series  of  steps.  In  a  referenced  report,  the  author  has  applied 
a  uniform  load  to  the  piston  and  computed  the  deflections  which 
would  occur  in  a  similar  series  of  circular  areas.  He  computed  the 
deflection  of  a  point  at  various  radii  from  the  center  of  the  picture 
due  to  a  unit  load.  The  results  of  this  previous  work  are  presented 
in  tabular  form  in  his  1959  paper.  Step  loading  can  then  be  visual¬ 
ized  as  the  difference  between  a  uniformly  distributed  load  over  the 
hole  and  the  su  .  of  uniformly  distributed  loads  within  the  various 
circles  of  increasing  radius.  The  greater  the  number  of  circles,  the 
more  accurate  the  results.  Since  the  piston  must  remain  horizontal, 
the  displacements  of  all  points  on  the  piston  must  be  the  same. 

Using  this  boundary  condition,  the  author  presents  a  set  of  equa¬ 
tions  involving  the  pressures  acting  on  the  piston  within  the  various 
circular  areas.  The  results  show  that  the  load  on  the  piston  de¬ 
creases  very  rapidly  with  a  small  deflection. 
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Hendron  (1968)  has  studied  Gravesen' s  work  in  detail  and  com¬ 
pares  his  solution  with  the  static  trapdoor  study  conducted  in  sand 
by  McNulty  and  Hendron' s  similar  work  in  clay.  The  significant 
finding  was  that  Gravesen1  s  elastic  solution  comes  close  to  the  trap¬ 
door  experimental  results  in  the  region  where  most  of  the  load  on  the 
trapdoor  is  lost  and  yet,  the  deflections  involved  are  quite  large 
in  terms  of  those  normally  associated  with  elastic  problems. 

There  are  several  groups  working  on  the  theoretical  analysis 
of  the  problem  of  the  dynamic  interaction  of  a  medium  and  some  in¬ 
clusion  within  the  medium.  The  inclusion  used  is  normally  a  circu¬ 
lar  cylinder  of  infinite  extent  or  a  shell.  One  such  group  is  that 
at  Paul  Weidlinger  and  Associates.  An  example  of  this  work  is  con¬ 
tained  in  the  report  by  Baron  and  Parnes.  An  elastic  medium  is 
used.  The  problem  is  solved  initially  with  an  unlined  cavity  1  id 
later  extended  to  a  lined  circular  cavity.  As  in  all  such  analyse 
a  considerable  number  of  approximations  have  to  be  made  in  analysis. 
In  addition,  the  liner  must  be  glued  to  the  medium.  The  authors 
assume  a  plane  wave  moves  through  the  surrounding  medium  such  that 
the  front  is  parallel  to  the  axis  of  the  cylinder.  This  essentially 
reduces  the  problem  to  one  of  plane  strain. 

The  authors  consider  a  set  of  generalized  coordinates  and  de¬ 
velop  relations  between  the  radial  and  tangential  displacements  in 
terms  of  these  generalized  coordinates.  Generalized  forces  are 
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obtained  by  the  application  of  virtual  work. 

Yoshiharo,  Robinson,  and  Merritt  investigated  the  interaction 
of  plane  elastic  waves  with  a  thin,  hollow,  cylindrical  shell  placed 
in  an  elastic  medium.  The  shell  is  considered  to  be  thin,  elastic, 
isotropic,  homogeneous,  and  of  infinite  extent.  The  approach  is 
similar  to  that  used  by  Baron. 

Such  analyses  furnish  guidelines  to  consider  in  interpreting 
the  results  of  properly  designed  experiments  with  similar  boundary 
conditions. 

The  efforts  of  another  group  which  has  attempted  a  theoretical 
solution  of  the  interaction  problem  are  represented  by  the  report  by 
Aggarwal,  Soldate,  and  Hook.  This  report  extended  some  earlier 
elastic  studies  that  they  made.  The  model  exhibits  a  bilinear  compres- 
sional  stress-strain  curve  in  the  conventional  uniaxial  test.  This 
model  exhibits  elastic  behavior  up  to  a  certain  stress  and  then  linear 
work  hardening  above  this  stress.  The  structure  used  as  an  inclusion 
is  a  rigid,  infinitely  dense  cylinder.  No  solutions  were  obtained. 

Mow  has  written  several  reports  in  this  area.  One  of  his  reports 
presents  a  review  of  some  of  the  recent  developments  in  the  stress 
wave-cavity  interaction  problem  as  it  is  pertinent  to  the  design 
of  underground  openings  for  protective  construction.  In  addition 
to  the  spherical  cavity  problem,  he  also  discusses  the  cylindrical 
cavity  in  this  report.  Mow  presents  dynamic  stress  concentration 
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factors  around  lined  and  unlined  cylindrical  openings  as  well  as 
those  unlined  spherical  openings  in  an  elastic  medium  under  various 
dynamic  loadings .  This  report  also  contains  an  interesting  discussion 
of  failure  mechanisms. 

Costantino  (1964  and  1966)  attempts  a  closed-form  solution  to  the 
interaction  problem.  He  uses  a  hypothesized  stress-time  history  at 
the  level  of  the  inclusion  as  a  driving  function.  A  numerical  approach 
is  used  to  solve  his  equation  which  included  the  free-field  stress, 
the  foundation  modulus  times  the  relative  displacement  between 
the  inclusion  and  the  free  field  and  a  damping  function  times  the 
relative  velocity  between  the  free  field  and  the  inclusion.  The 
foundation  modulus  is  dependent  upon  the  free-field  stress.  This 
function  changes  as  the  stress  changes,  based  on  the  slope  of  the 
one -dimensional  compression  test  curve.  Costantino' s  formulation 
of  the  problem  seems  to  offer  more  promise  than  most  analytical  solu¬ 
tions  since  it  is  at  least  an  approach  toward  using  the  real  properties 
of  the  medium. 

Richart  presents  the  classical  arching  theories  relating  to 
the  silo  and  trapdoor  problems.  He  considers  the  "arching"  phenom¬ 
enon  to  be  a  process  of  stress  transfer  whereby  loads  are  carried 
around  an  ineffective  zone  of  support.  This  transfer  of  load  is 
accomplished  by  the  development  of  shear  stresses  within  a  sufficient 
zone  of  material  until  the  load  is  transferred  to  an  adequate  support. 
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Richart  states  that  "the  shearing  stresses  developed  in  the  arch¬ 
ing  process  are  as  permanent  as  those  developed  in  other  methods  of 
transferring  loads  into  granular  materials ....  The  quantities  which  de¬ 
termine  the  magnitude  of  the  shear  stresses  that  can  be  developed  in 
the  material  govern  the  effectiveness  of  an  arch  which  can  be  developed. 
Thus  the  arch  formation  is  a  function  of  the  material  used,  the  stress 
state  applied  to  this  material,  and  the  geometry  of  the  boundaries. 
Consequently,  in  view  of  the  numerous  variables  involved,  any  theory 
developed  for  the  study  of  the  arching  process  must  necessarily  include 
several  assumptions  and  approximations." 

In  addition  to  his  explanation  of  classical  arching  theories, 
Richart  also  presents  an  analytical  treatment  of  the  stress  distribution 
caused  by  arching  in  a  continuous  elastic  medium.  Richart  reviews  the 
previous  work  he  did  with  Terzaghi  (1952)  in  which  they  studied  the 
stress  developed  around  elliptical  tunnels  and  spheroidal  cavities 
in  an  elastic  medium.  The  1959  report  contains  a  more  complete  de¬ 
termination  of  the  stresses  above  a  flat,  elliptical  tunnel  located 
in  an  extended  homogeneous,  isotropic,  elastic  medium  and  subjected 
to  a  homogeneous  stress  field.  The  equations  used  are  available  in 
the  Terzaghi  and  Richart  paper  or  a  book  by  Neuber.  The  1959 
report  shows  the  distribution  and  direction  of  the  principal 
stresses  at  points  around  the  tunnel.  Assuming  that  the  material 
could  withstand  no  tensile  stresses ,  Richart  shows  the  amount  of 
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material  that  must  be  supported  in  a  tunnel  roof.  His  calculations 
and  figures  show  that  the  stress  lines  go  around  the  cavity  in  a  manner 
analogous  to  fluid  flow  in  hydrodynamics. 

2.6.3  Experimental  Studies.  Two  of  the  more  comprehensive  ex¬ 
perimental  studies  were  conducted  by  McNulty  and  Hendron  (1968),  re¬ 
spectively,  to  study  the  effect  of  active  and  passive  arching  under 
static  load  conditions.  Both  studies  were  made  with  the  same  test 
apparatus,  a  4-foot-diameter  cylindrical  test  chamber  whose  height 
could  be  varied  and  whose  lower  base  contained  a  flush-mounted  trap¬ 
door  which  could  be  raised  or  lowered  under  controlled  conditions. 

McNulty  made  his  study  with  two  types  of  granular  material,  a 
smooth  and  an  angular  sand.  The  surface  was  subjected  to  static 
surcharges  of  approximately  40,  75,  and  110  psi.  Six-  and  three-inch 
trapdoor  sizes  were  used.  Distribution  of  vertical  stress  on  the  base 
of  the  test  chamber  was  measured  by  pressure  cells  located  at  various 
distances  from  the  trapdoor.  The  major  experimental  results  are  a 
series  of  dimensionless  load-deflection  curves  which  were  obtained  by 
moving  the  trapdoor  either  into  or  away  from  the  sand.  These  load- 
deflection  curves  show  that  extremely  small  deflections  can  have  a 
drastic  effect  on  the  load  that  the  trapdoor  experiences  and  that  the 
trapdoor  size  is  not  important  if  the  ratio  of  the  depth  of  the  soil 
above  the  door  (H)  to  the  diameter  of  the  device  (B)  is  held  constant. 
McNulty's  results  also  show  that  the  depth  of  burial  was  important  to 
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the  shape  of  the  load-deflection  curve  at  small  values  of  h/b  .  For 
values  of  depth-to-diameter  ratios  larger  than  two,  the  shape  of  the 
load-deflection  curve  does  not  show  much  change. 

Hendron  (1968)  used  the  same  apparatus  with  a  cohesive  soil 
called  buckshot  clay.  The  variables  investigated  were  depth  of  cover, 
overpressure,  and  strength  of  the  clay.  Active  arching  tescs  at 
overpressures  of  37  and  75  psi  and  at  depths  of  cover  ranging  from  l/3 
to  3  times  the  trapdoor  diameter  were  performed.  Passive  tests  were 
conducted  at  37  and  75  psi  for  depths  of  cover  l/3,  1,  and  2  times  the 
diameter  of  the  trapdoor.  Hendron  found  that  the  test  data  seemed  to 
collapse  more  readily  when  the  differential  pressure  between  the  sur¬ 
face  and  door  scaled  by  the  unconfined  compressive  strength  of  the 
soil  was  plotted  versus  the  scaled  deflection  rather  than  using  the 
pressure  on  the  door  scaled  by  the  surface  pressure.  Some  of  Hendron' 
data  are  presented  later  in  this  report  for  comparison  purposes. 

One  of  the  more  interesting  small-scale  structure  test  series 
was  that  conducted  by  Whitman,  Getzler,  and  H6'eg.  They  used  domes 
buried  at  the  bottom  of  a  sand-filled  test  chamber  and  supported 
on  a  load  cell.  There  was  no  sand  underneath  the  dome,  but  it  was 
possible  to  support  the  dome  on  a  more  flexible  foundation  and  thus 
give  the  structure  an  overall  change  in  flexibility  in  relation  to 
the  soil.  A  uniform  static  pressure  was  applied  to  the  top  of  the 
mass.  This  is  one  of  the  few  test  series  found  in  which  the  movement 
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of  the  medium  of  burial  was  measured.  The  deflection  of  the  dome 
crown  and  the  vertical  force  on  the  dome  were  also  measured. 

The  authors  found  that  the  utiffer  the  structure  in  relation  to 
the  sand,  the  larger  the  difference  between  the  deflection  of  the 
crown  and  the  deflection  of  the  sand.  In  addition,  they  found  that 
there  were  sharp  decreases  in  the  pressure  applied  to  the  dome  as  it 
moved  away  from  the  soil  and  that  a  sand  arch  seemed  to  form.  As  the 
crown  of  the  dome  yielded,  the  sand  arch  assumed  some  of  the  pressure 
which  had  been  acting  on  the  dome,  thus  preventing  buckling  or  total 
collapse  of  the  structure.  For  the  more  flexible  structures,  the 
authors  found  that  beneficial  arching  was  developed  prior  to  crown 
yield  even  for  depths  of  burial  as  small  as  one-half  the  dome  span. 
Another  important  result  was  that  there  was  little  tendency  toward 
a  large  amount  of  passive  arching  when  the  sand  was  very  loose. 

Depth  of  burial  seemed  to  have  little  effect  on  the  arching 
action  once  the  structure  was  buried  at  a  scaled  depth  of  approximately 
one-half  the  span.  The  domes  did  not  develop  the  typical  snap-through 
buckling  under  average  vertical  pressures  which  were  almost  three  times 
the  pressures  that  buckled  the  domes  in  an  unburied  configuration.  The 
failure  was  normally  a  bending  near  the  support. 

The  next  series  of  tests  which  seemed  to  have  a  bearing  on  the 
problem  were  those  performed  by  Triandafilidis,  Hampton,  and  Spano- 
vich.  Right  circular  cylinders  were  buried  in  three  densities  of 
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sand  and  with  four  depths  of  cover.  The  vertically  oriented  cylinders 
were  l-l/2  inches  in  diameter  and  were  placed  to  project  from  a  rigid 
base  in  three  different  lengths .  Two  cylinder  configurations  were 
used.  One  structure  was  constructed  so  that  the  sidewalls  were  con¬ 
nected  to  its  upper  end  plate.  The  structure  was  designed  to  measure 
the  contributions  from  the  free-field  stress,  the  arching  stress,  and 
the  sidewall  friction  stress.  The  other  configuration  was  a  disk 
contained  within  a  cylinder  of  the  same  shape  and  size  as  that 
previously  described.  The  disk  was  separated  from  the  sidewall  so 
that  its  flexibility  could  be  varied  by  its  support.  By  varying  the 
density  of  the  sand  from  a  loose  condition  to  a  dense  condition,  it 
was  hoped  that  both  active  and  passive  arching  could  be  induced. 

The  loads  which  the  fixed-end  structure  experienced  were  always 
larger  than  the  surface  pressure.  This  is  understandable  since  it 
was  rigidly  fixed  to  the  base  of  the  test  chamber  and  had  no  ability 
to  deflect.  With  the  disk  structure,  the  authors  found  that  the 
depth  of  cover  increased  the  arching  whether  it  was  active  or  passive 
if  the  other  parameters  were  held  constant.  The  length  of  structure 
embedded  in  the  material  also  had  an  effect  on  the  arching. 

Static  surcharges  of  1U.5  to  72.5  psi  were  applied  to  the  sand 
surface.  It  was  found  that  overpressure  did  not  have  a  significant 
influence  on  the  normalized  arching  stress.  In  fact,  the  effects  of 
overpressure  on  the  arching  and  friction  stresses  appear  to  be 
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insignificant  in  comparison  to  the  effects  of  flexibility,  soil  cover, 
or  the  amount  of  embedment.  The  authors  found  that  the  soil  density 
affected  the  normalized  arching  stresses  more  than  any  other  soil 
parameter  studied.  This  indicates  that  it  was  the  relative  com¬ 
pressibility  of  soil  and  structure  which  was  the  most  significant 
parameter  in  these  studies. 

The  test  series  by  Triandafilidis  was  a  pilot  study  for  a  much 
more  comprehensive  test  program  conducted  and  reported  by  Abbott. 

This  research  was  both  experimental  and  theoretical.  In  the 
theoretical  portion,  Abbott  divided  the  static  arching  problem 
into  three  parts  which  he  termed  the  no  failure  condition,  the  com¬ 
plete  failure  condition,  and  the  local  failure  condition.  When 
speaking  of  the  no  failure  condition,  Abbott  assumed  that  the  maximum 
shear  stress  is  not  reached  anywhere  in  the  material  and  that  no  sur¬ 
face  of  sliding  develops.  The  author  also  made  assumptions  relative 
to  the  coefficient  of  friction  between  structures  and  soil,  the  weight 
of  the  material,  and  the  bending  of  the  structure.  He  treated  the 
structure  as  if  it  was  up  in  the  medium.  This  he  calls  a  "floating 
structure."  He  made  the  structure  placed  on  the  bottom  of  the  test 
chamber  a  special  case  which  he  calls  the  "rigid  base  structure."  All 
loads  were  static. 

Abbott  started  his  development  with  the  relative  deflection  of 
the  structure  in  the  soil  due  to  an  overpressure  applied  at  the  surface 
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of  the  soil.  He  considered  the  modulus  of  the  soil  and  the  struc¬ 


ture  to  be  defined  by  their  tangent  moduli.  The  author  obtained 
an  expression  for  the  arching  stress  on  the  structure  in  terms  of 
the  stress  applied  at  the  surface  of  the  medium.  Next  the  author 
introduced  additional  assumptions  concerning  the  cross  section  of 
the  structure;  these  assumptions  are  functions  of  the  structure's 
shape  and  depth  of  burial.  Abbott  determined  his  burial  function 
experimentally  but  derived  his  shape  factor. 

Abbott  secondly  considered  the  problem  of  complete  failure  of 
the  medium.  His  solution  was  based  on  an  equilibrium  approach  of 
an  element  of  soil  mass  between  two  vertical  failure  planes.  He 
points  out  that  the  limit  of  the  active  and  passive  arching  is 
measured  by  the  shear  strength  of  the  medium.  His  failure  surfaces 
extended  from  the  top  of  the  structure  to  the  surface  of  the  medium. 
The  direction  in  which  the  shear  stresses  act  on  the  element  deter¬ 
mines  whether  passive  or  active  arching  is  taking  place.  He 
assumed  a  constant  value  for  the  ratio  of  the  horizontal  to  the 
vertical  stress  in  order  to  derive  the  friction  acting  on  his  soil 
disk.  Abbott  used  Mohr's  circle  to  obtain  a  relation  between 
horizontal  and  vertical  pressure  for  the  limiting  passive  and 
limiting  active  arching  conditions. 

For  his  third  case,  local  failure  condition  in  the  vicinity  of 
the  structure,  Abbott  was  not  able  to  provide  a  solution.  He  does 
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discuss  the  difficulty  of  obtaining  a  solution  to  this  problem.  Un¬ 
fortunately,  this  case  appears  to  be  the  most  prevalent  for  actual 
buried  structures. 

Static  tests  were  performed  on  a  right  circular  cylinder  struc¬ 
ture  buried  in  20-30  Ottawa  sand.  The  author  included  a  rigid  base 
test,  a  floating  test,  and  a  qualitative  test  to  determine  or  to 
observe  the  residual  deformation  pattern  of  the  sand  in  the 
vicinity  of  the  structure.  Most  of  the  structural  flexibility 
experiments  were  performed  with  the  rigid  base  test.  The  floating 
tests  contained  a  very  rigid  structure  and  a  very  flexible 
structure . 

Most  of  the  data  obtained  from  the  experimental  program  seem 
to  indicate  or  infer  that  the  complete  failure  and  the  no  failure 
solutions  represent  bounds  to  the  passive  arching  problem  for  a 
structure  with  a  given  height-to-diameter  ratio  and  stiffness  rela¬ 
tive  to  the  medium.  At  small  depths  of  burial,  the  complete  failure 
theory  gives  an  upper  bound  to  the  loads  on  the  structure  which 
is  lower  than  that  ^iven  by  the  no  failure  theory. 

From  the  floating  structure  test  in  sand,  the  results  seem 
to  indicate  that  the  arching  factor  is  independent  of  the  over¬ 
pressure  level.  For  the  stiff  structure,  the  arching  factor 
reaches  a  maximum  somewhere  between  1  and  2  and  remains  constant 
for  the  remaining  depths  of  burial.  The  author's  theoretical 
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prediction  is  reasonably  close  to  the  data.  His  best  comparison 
is  obtained  with  a  Poisson's  ratio  of  0.64,  which  seems  to  be 
rather  high. 

With  his  flexible  structure  analysis,  Abbott  used  the  tangent 
to  the  stress-strain  curve  derived  from  tests  made  in  a  confined 
tank  as  a  measure  of  the  stiffness  of  the  soil.  He  plots  the 
ratio  of  the  stiffness  of  the  soil  to  the  stiffness  of  the  struc¬ 
ture  for  the  various  overpressures  to  which  the  flexible  struc¬ 
tures  were  subjected.  The  curves  seem  to  increase  with  over¬ 
pressure  at  a  decreasing  rate.  Test  results  show  excellent  agree¬ 
ment  with  his  no  failure  theory  at  scaled  depths  of  burial  greater 
than  0.5.  This  is  the  reason  Gravesen's  elastic  theory  worked  so 
well  for  Hendron  (1968) . 

The  next  group  of  reports  discussed  concern  a  different  theo¬ 
retical  technique  for  the  determination  of  the  loads  on  underground 
structures  and  the  experiments  performed  to  check  these  techniques. 
The  work  was  performed  at  the  Illinois  Institute  of  Technology. 

Some  of  the  reports  covering  this  work  are  those  of  Selig  (i960), 
Selig  (196la),  Selig,  McKee,  and  Vey  (1961b).  Their  approach  was 
based  upon  the  concept  of  slip  planes  that  extend  vertically  from  the 
edges  of  the  structure  to  the  surface  of  the  medium  of  burial.  The 
mathematical  expressions  were  derived  by  an  equilibrium  approach 
similar  to  that  used  by  Terzaghi,  except  for  the  dynamic  case.  For 


this  case  they  assumed  sufficiently  high  pressures  existed  so  that 
the  mass  of  soil  between  the  roof  and  the  surface  moved  down  onto 
the  roof.  In  addition  to  the  assumption  relative  to  the  extent  of 
the  failure  planes,  it  was  assumed  that  the  magnitude  of  deforma¬ 
tions  would  be  sufficient  to  develop  the  full  shear  strength  of  the 
soil.  An  equilibrium  equation  for  the  soil  mass  was  developed  just 
as  was  done  in  several  of  the  static  theories,  except  that  an  inertia 
term  was  added. 

A  rapid  increase  in  failure  overpressures  with  increasing  depth 
of  burial  is  inherent  in  the  development  of  the  full  failure  planes 
to  the  soil  surface.  Such  an  assumption  may  not  be  reasonable 
except  for  shallow  depths  of  burial. 

The  theory  also  predicts  that  the  effects  of  the  dynamic  sur¬ 
face  load  would  be  to  significantly  reduce  the  forces  felt  by  the 
structure  because  of  the  inertia  forces  of  the  soil  plug  and  the 
sliding  resistance  within  the  adjacent  soil  masses.  Results  of 
this  nature  appear  to  be  questionable. 

The  test  program  consisted  of  placing  two  types  of  structures 
in  the  bottom  of  a  glass- sided  box  filled  with  sand  and  subjecting 
them  to  static  overpressure  applied  at  the  surface.  One  type  of 
structure  was  such  that  the  top  could  be  lowered  after  the  surface 
pressure  had  been  obtained.  Large  displacements  took  place  and  slip 
planes  did  form  in  the  soil  as  predicted.  These  slip  planes  seem 
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to  have  been  affected  in  large  measure  by  the  rigid  supports  on  both 
sides  of  the  yielding  top  and  the  very  large  displacements.  Some  of 
the  slip  planes  propagated  vertically  directly  over  the  supports 
projecting  into  the  sand.  Some  of  the  slip  planes  showed  evidence 
of  curving  to  the  inside  and  thus  emerging  at  the  soil  surface 
closer  together  than  the  dimension  of  the  structure. 

The  second  type  of  structure  was  one  in  which  the  roof  was 
made  flexible  enough  so  that  it  would  yield  under  pressure.  Again 
the  deformations  seemed  rather  large.  The  nearness  of  the  boundary 
to  the  base  of  the  structure  appear  to  have  affected  the  test 
results. 

Havers  performed  additional  tests  with  this  apparatus  using 
both  sand  and  clay  materials.  The  structures  were  restricted  to 
the  flexible  panel  type.  Dynamic  loadings  were  simulated  by  the 
use  of  an  air-actuated  shock  tube.  The  friction  material  was  a  dry 
Ottawa  sand.  The  cohesion  material  was  95  percent  by  weight 
kaolinite  and  5  percent  bentonite.  The  Atterberg  limits  of  the  soil 
were:  plastic  limit,  28  percent;  and  liquid  limit,  68  percent. 

Its  moisture  content  was  between  36  and  39  percent. 

The  test  results  show  that  the  load  applied  at  the  surface, 
either  static  or  dynamic,  was  considerably  larger  than  the  load  ex¬ 
perienced  by  the  structure.  The  load  reduction  was  larger  for  the 
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In  the  clay  tests,  there  was  evidence  that  the  soil  had  a  limit¬ 
ing  strength  for  a  particular  depth  of  burial.  This  strength  was 
essentially  independent  of  the  applied  surface  load.  Although  it 
appears  that  the  loads  from  the  static  tests  were  larger  than  those 
from  the  dynamic  tests,  it  is  difficult  to  interpret  the  data  since 
the  static  test  data  were  based  on  a  particular  scaled  deflection 
of  the  structure  in  relation  to  what  the  deflection  was  at  zero 
depth  of  burial. 

Van  Horn  (1963a)  takes  some  of  the  previous  work  in  the  field  and 
presents  a  static  and  dynamic  method  of  analysis.  The  first  part  of 
his  study  is  devoted  to  the  development  of  a  method  for  evaluating 
a  load  on  a  buried  structure  due  to  static  overpressures.  He  has 
extended  the  work  of  Marston  and  Spangler  previously  discussed  in 
this  chapter.  He  assumes  vertical  surfaces  of  sliding  and  computes 
the  shear  forces  and  the  weight  of  the  material  above  the  structure. 

He  considers  the  relative  compressibility  of  the  soil  and  structure 
and  computes  the  loads  based  upon  the  equilibrium  of  forces  on  a  soil 
plug  above  the  structure.  One  of  the  items  that  he  considers  is 
the  plane  of  equal  settlement;  i.e.,  that  point  at  which  the  soil 
over  the  structure  and  that  adjacent  in  the  free  field  settle  the 
same  amount.  This  is  the  point  above  the  structure  at  which  the 
soil  is  no  longer  disturbed  by  the  presence  of  the  structure. 

In  the  second  part  of  his  analysis,  Van  Horn  extends  the  work 


50 


previously  accomplished  on  the  effects  of  time -dependent  over¬ 
pressures.  The  method  retains  the  static  pressure  theory  that  is 
presented  in  the  first  part  of  the  paper.  Using  the  methods  and 
assumptions  introduced  by  Selig,  the  pressures  on  the  structure 
produced  by  time-dependent  overpressure  and  the  weight  of  the  soil 
are  determined.  From  these  mathematical  expressions,  it  was 
possible  to  determine  the  equivalent  load  or  the  static  load  which 
is  equivalent  to  the  dynamic  load;  i.e.,  the  static  load  that 
would  have  to  be  applied  to  the  surface  of  the  soil  in  order  to 
give  the  same  pressure  effects  on  the  structure  as  the  dynamic 
load. 

Van  Horn  found  that  there  was  very  little  difference  between 
the  loads  determined  with  a  sand  and  with  a  clay  for  the  particular 
type  of  materials  he  chose  to  use.  The  strength  of  the  clay  was 
expressed  in  terms  of  a  0  of  10  degrees  and  a  C  equal  to  400 
psf,  while  the  sand  had  a  0  of  35  degrees  and  a  C  of  zero.  For 
all  the  cases  he  examined,  which  included  two  values  of  soil  de¬ 
flection,  two  durations  of  the  pressure  pulse,  two  types  of  soil, 
and  four  scaled  depths  of  burial,  he  found  that  the  equivalent 
static  overpressure  which  could  be  used  for  design  ranged  between 
76  and  93  percent  of  the  peak  dynamic  overpressure.  The  equiva¬ 
lent  static  overpressure  changed  very  little  for  pronounced  changes 
in  the  scaled  depth  of  burial.  The  results  seem  to  indicate 
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that  duration  of  load  is  the  most  predominant  effect,  and  that 
if  a  structure  is  designed  for  a  particular  static  over¬ 
pressure  it  will  withstand  a  dynamic  overpressure  of  the  same 
magnitude . 

In  spite  of  the  lack  of  definite  information  from  which  to 
determine  the  soil- structure  mechanism  and  a  method  by  which  the 
loads  acting  on  a  buried  structure  can  be  properly  determined,  it 
has  been  necessary  to  design  underground  structures  for  the  last 
several  years.  Design  manuals  which  furnish  criteria  summarize  the 
state-of-the-art  at  the  time  at  which  they  were  written  and  include 
the  best  judgment  of  the  writers  concerning  the  information  avail¬ 
able.  The  best  example  of  such  a  manual  is  the  Air  Force  Design 
Manual  by  Newmark  and  Haltiwanger.  The  method  of  approach  to 
soil  arching  used  in  this  manual  was  adopted  from  the  treatment 
given  this  subject  by  Terzaghi  (19^3)  as  a  result  of  his  earlier 
trapdoor  studies.  The  analysis  assumes  vertical  surfaces  of  sliding 
as  shown  in  Figure  6a.  The  assumed  variations  of  shearing  stress 
versus  displacement  and  the  assumed  variations  of  displacement  and 
shearing  stress  with  depth  are  shown  in  Figures  6b  and  c,  respec- 
tively.  This  approach  does  not  have  the  disadvantage  of  those 
methods  which  do  not  take  into  consideration  the  so-called  "elastic" 
action  in  the  soil  as  well  as  plastic  action.  The  shear  planes  do 
not  have  to  be  fully  developed  nor  does  the  deformation  zone  have 
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to  extend  to  the  surface  but  the  extent  of  the  shear  planes  must 
be  decided.  This  method  also  takes  into  consideration  the  deforma¬ 
tion  of  the  structure  which  induces  the  deformation  of  the  soil. 

The  soil  deformation  dissipates  along  an  exponential  curve.  The 
authors  consider  this  analysis  primarily  a  static  analysis  or  one 
for  very  slow  dynamic  input.  The  shearing  stresses  developed 
along  the  deformation  planes  are  the  primary  factor  in  determining 
the  load  imposed  on  the  structure. 

Merritt  and  Newmark  give  a  comprehensive  review  of  static  and 
dynamic  arching  and  soil- structure  interaction  in  Part  V  Nuclear 
Geoplosics.  The  state-of-the-art  at  that  time  is  summarized  in  this 
report. 

Adine  and  Dai  adapted  the  system  explained  above  to  the  dy¬ 
namic  case  by  adding  an  acceleration  term  to  the  equilibrium  of  the 
soil  disk  shown  in  Figure  6a.  The  terms  in  the  equation  Eire  the 
vertical  pressure,  the  shear  acting  on  the  element,  and  the  inertia 
of  the  element.  The  assumed  shearing  stress-deformation  relation  is 
the  same  as  previously  noted,  Figure  6b.  The  authors  consider  that 
at  some  critical  deformation  the  entire  shear  strength  of  the  mate¬ 
rial  will  be  developed.  Any  deformation  less  than  this  critical 
deformation  will  develop  a  proportion  of  the  entire  shear  strength 
of  the  material.  The  displacement  term  considered  is  the  relative 
displacement  between  two  points  on  each  side  of  the  shear  point.  A 
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second  stress  deformation  relation  is  developed  considering  the 
material  as  being  elastic.  This  relation  expresses  the  compressi¬ 
bility  of  the  soil  element.  Using  this  expression  it  is  possible 
for  the  authors  to  derive  two  expressions  for  the  stress  along  the 
vertical  axis  X  .  One  equation  is  for  the  case  when  the  deforma¬ 
tion  is  in  the  "elastic"  region,  ar.d  the  other  when  it  is  in  the 
plastic  region. 

The  authors  have  written  a  program  to  solve  their  equations 
numerically  for  the  static  case,  where  the  inertia  terms  go  to 
zero.  The  program  is  capable  of  computing  the  displacement  and 
stresses  along  the  X  axis. 

The  authors  state  that  arching  is  a  function  of  three  groups 
of  parameters;  geometrical,  structural,  and  soil.  The  dimensions 
of  the  region  above  the  structure  are  termed  the  geometrical  param¬ 
eters  of  the  system.  From  their  analysis,  Adine  and  Dai  found  that 
the  height  of  this  region  has  minor  effects  on  the  arching  since 
70  percent  of  the  arching  developed  within  a  height  equal  to  the 
width  of  the  structure.  The  only  structural  parameter  examined  was 
structural  flexibility.  For  this  parameter  they  note  that  high 
flexibility  produced  larger  relative  displacements  and  thereby  en¬ 
abled  the  soil  to  develop  its  maximum  shearing  capacity. 


Allgood  and  Seabold  adopted  some  of  the  assumptions  and  tech¬ 
niques  developed  by  both  Selig  and  Nerwmark  from  the  Terzaghi  ap¬ 
proach  to  the  analysis  of  small  buried  arches.  Their  equations  are 
based  upon  vertical  shear  planes  and  the  development  of  an  arching 
force  as  a  result  of  the  total  motion  of  the  structure  and  the  soil 
above  it.  They  consider  the  effect  of  the  stress  wave  traversing 
the  structure  as  an  impulse  which  imparts  translation  and  velocity 
to  the  structure.  The  movement  of  the  footing  is  considered  to  be 
the  primary  rigid  body  motion  which  induces  arching.  The  soil  is 
considered  as  an  elastic,  homogeneous  half space  and  the  properties 
are  considered  from  the  point  of  view  of  a  foundation  modulus.  Equa¬ 
tions  of  motion  are  used  to  derive  expressions  for  the  vertical  mo¬ 
tion  of  the  structure  considering  the  mass  of  the  soil  above  the 
structure,  the  mass  of  the  structure,  and  the  mass  of  the  soil  that 
moves  with  the  footings.  The  authors  state  that  their  method  should 
be  applicable  to  the  initial  estimate  of  the  loads  that  the  structure 
will  experience. 

With  assumptions  similar  to  those  previously  discussed,  Allgood 
developed  equations  for  the  load  on  a  horizontally  oriented,  buried 
cylinder . 

In  the  work  by  Bedesem,  Das,  and  Robinson,  the  effects  of  arch¬ 
ing  in  granular  soils  on  the  pressures  transmitted  to  a  buried  struc¬ 
ture  were  examined.  In  this  analysis  the  overpressure  was  assumed 
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to  vary  slowly  with  time  and  to  be  uniformly  distributed  over  an  in¬ 
finitely  large  area  as  compared  to  the  structure.  The  soil  was  as¬ 
sumed  to  be  a  homogeneous,  isotropic,  granular  material  satisfying 
the  Mohr-Coulomb  failure  criteria.  A  plasticity  approach  with  de¬ 
formations  assumed  large  enough  to  mobilize  failure  planes  to  the 
surface  was  used.  The  length  ratio  of  the  structure  was  considered 
to  be  large  enough  to  permit  a  two-dimensional,  plane- strain  formu¬ 
lation  of  the  problem. 

Mosborg  and  Talda  reported  on  an  experimental  investigation 
conducted  to  verify  the  analytical  results  obtained  from  the  theoret¬ 
ical  analysis  introduced  in  the  previous  paragraph.  Two  dry  sands 
were  used,  one  with  angular  grains  and  one  with  smooth  grains. 

Static  and  dynamic  tests  up  to  a  peak  overpressure  of  500  psi  were 
conducted  in  a  2- foot-diameter  cylindrical  tank.  The  tank  bottom 
contained  a  long  rectangular  rigid  plate  supported  by  springs  which 
allowed  the  plate  to  deflect  vertically  under  load.  Two  stiffnesses 
of  springs  and  two  widths  of  trapdoors,  3  and  6  inches,  were  used. 

In  the  theoretical  analysis,  the  authors  state  that  the  angle 
of  internal  friction  was  increased  as  a  function  of  the  depth-to-span 
ratio  in  order  to  account  for  the  additional  lateral  restraint  which 
the  soil  mass  provides  at  deeper  depths.  This  was  pointed  out  by 
Bedesem  et  al.  This  increase  in  0  improves  the  agreement  between 
the  theoretical  and  experimental  results.  The  authors  assume  that 
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slip  lines  develop  when  the  shear  stress  at  a  point  on  some  plane  ex¬ 
ceeds  the  allowable  for  the  material.  The  region  bounded  by  the  lim¬ 
iting  slip  lines  may  be  in  a  state  of  plastic  equilibrium  or  it  may 
contain  areas  that  remain  essentially  elastic. 

The  results  of  the  test  program  indicate  that  the  theory  has 
some  limitation  in  its  ability  to  predict  the  loads  of  a  configura¬ 
tion  similar  to  that  used  in  this  test. 

Mason,  Criner,  Waissar,  and  Wallace  describe  an  experimental 
and  theoretical  study  of  the  soil- structure  interaction  characteris¬ 
tics  of  a  granular  soil.  The  theoretical  portion  of  the  report  de¬ 
velops  equations  for  the  static,  passive,  and  active  arching  phases 
of  soil-structure  interaction.  These  equations  were  developed  by 
assuming  vertical  surfaces  of  sliding  at  the  extremities  of  the 
structure  and  summing  the  forces  acting  on  a  differential  soil  ele¬ 
ment.  Friction  forces  along  the  surface  of  sliding  were  determined 
by  the  Mohr-Coulomb  failure  criteria.  The  equations  representing 
the  static  behavior  are  presented  for  active  and  passive  arching 
and  compared  with  experimental  data. 

The  experimental  program  was  conducted  using  structures  consist¬ 
ing  of  small,  vertically  oriented  cylinders  varying  in  diameter  from 
l/2  to  6  inches.  The  cylinders  were  of  three  different  length-to- 
span  ratios,  four  different  uniform  compressibilities,  three  differ¬ 
ent  diameters,  and  three  different  lengths.  The  soil  used  was  a 


dry,  20-30  Ottawa  sand.  Dynamic  loads  from  U9  to  115  psi  were  used. 
Rise  times  were  1  to  l-l/2  msec.  The  test  data  show  that  during  the 
passive  arching  phase  the  structures  experience  stresses  two  times 
the  free-field  stress.  The  test  data  also  show  that  the  overstress 
is  dependent  upon  depth,  stress  level,  density  of  the  soil,  length- 
to-span  ratio,  and  the  compressibility  of  the  structure. 

The  authors  conclude  that  static  arching  behavior  is  basically 
dependent  upon  the  relative  compressibility  of  the  soil  and  struc¬ 
ture,  and  that  dynamic  arching  behavior  is  generally  similar  to  the 
static  arching  behavior  but  with  larger  loads  acting  on  the  structure. 

In  a  later  report.  Mason  (1965)  continues  this  study  of  soil- 
structure  interaction  and  the  effects  of  compressibility  as  well  as 
structural  length  on  the  arching  phenomena.  His  mathematical  model 
still  involves  vertical  shear  planes  in  the  soil  and  the  equilibrium 
of  the  forces  on  a  soil  element.  In  this  derivation,  he  also  con¬ 
siders  the  zone  of  influence  in  the  soil  that  is  affected  by  the 
structure.  The  length  and  width  of  the  structure  are  used  to  deter¬ 
mine  the  zone  of  influence.  These  structural  parameters  are  also 
used  to  determine  the  effects  of  the  relative  compressibility  of  the 
structure . 

Since  there  were  no  experimental  data  to  compare  with  his  equa¬ 
tions,  the  author  performed  a  limited  test  program  with  a  structure 
whose  flexibility  he  could  vary.  This  cylindrical  structure  was 
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6  inches  in  diameter  and  6  inches  in  length,  and  was  buried  in  a 
20-30  Ottawa  sand.  After  the  effects  of  the  sidewall  friction  on  the 
test  structure  had  been  taken  into  consideration,  the  results  showed 
reasonably  good  correlation  with  the  theoretical  developments. 

In  order  to  further  verify  his  equations,  Mason  modified  tnem 
to  take  into  consideration  the  trapdoor  type  configuration.  He  then 
checked  the  equations  against  McNulty's  test  results.  He  obtained  a 
reasonably  good  correlation.  Because  Mason  had  assumed  fully  devel¬ 
oped  shear  planes,  the  agreement  was  not  good  at  small  displacements 
or  shallow  depths,  but  improved  for  larger  displacements  at  greater 
depths . 

The  report  by  Whipple  on  the  dynamic  response  of  arches  sub¬ 
jected  to  blast  loading  is  primarily  a  study  of  the  effectiveness 
of  soil  in  restraining  the  lateral  movement  of  arches,  but  it  con¬ 
tains  an  interesting  formulation  of  the  soil-structure  interaction 
problem.  The  arches  were  considered  to  be  buried  near  the  surface 
of  a  semi-infinite  soil  mass.  The  depth  was  sufficient  so  that  re¬ 
flected  pressures  and  dynamic  pressures  were  not  considered  in  the 
loading  of  the  structure.  Whipple  limited  the  depth  of  cover  over 
the  top  of  the  structure  to  one-half  the  arch  spa*1.  The  structure 
studied  was  a  two-hinged  arch  which  the  author  modeled  by  use  of  four 
rigid  bars  connected  by  moment  resisting  joints.  The  resistance  of 
the  soil- structure  arch  was  formulated  considering  the  bending 
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resistance  of  the  arch  as  it  deforms,  the  frictional  and  shearing 
resistance  developed  within  the  soil  as  the  arch  moves  into  or  away 
from  it,  and  the  mass  effects  of  the  arch  and  the  soil.  Whipple  de¬ 
veloped  the  forces  involved  and  then  formulated  an  equation  of  motion 
for  the  entire  system. 

Whipple  divided  the  soil  surrounding  the  two  sides  and  top  of 
the  arch  into  three  soil  blocks,  one  on  each  side  which  acted  on  the 
interior  or  exterior  haunch  and  one  acting  on  the  top.  He  also  di¬ 
vided  the  soil  resistance  into  two  parts:  the  inertia  resistance  or 
that  due  to  the  mass  of  the  soil  which  moves  with  the  arch,  and  the 
deformation  resistance  which  is  due  to  the  presence  of  fully  developed 
shear  and  frictional  forces  on  the  active  or  passive  blocks. 

The  shearing  resistance  was  developed  by  considering  the  state 
of  stress  which  exists  in  the  soil.  Whipple  assumed  that,  prior  to 
the  arrival  of  the  blast  wave,  the  soil  surrounding  the  arches  was  at 
rest.  The  other  states  considered  were  the  active  state  of  plastic 
equilibrium  and  the  passive  state  of  plastic  equilibrium.  The  active 
state  is  developed  when  the  soil  undergoes  a  "stretching."  The  pas¬ 
sive  state  develops  when  the  soil  mass  has  been  compressed  laterally. 
Movements  develop  within  the  soil  as  the  arch  deforms  under  blast 
loading.  The  author  discussed  the  amount  of  deformation  required  for 
full  development  of  the  plastic  or  active  states  of  equilibrium.  He 
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used  a  relation  similar  to  that  developed  by  Terzaghi  and  which  was 
explained  earlier  in  this  chapter.  Whipple  developed  displacement- 
resistance  functions  which  are  idealizations  of  the  work  by  Terzaghi 
and  others. 

In  determining  the  values  of  the  pressure  ratios  corresponding 
to  the  limiting  states  of  the  stress,  the  classic  Coulomb  assumptions 
have  been  used.  The  mass  of  the  soil  assumed  to  move  with  the  arch 
is  concentrated  at  the  joints.  This  mass  of  soil  changes  according 
to  the  location  of  the  joint,  the  direction  of  movement  of  the  joint, 
and  the  depth  of  burial  of  the  arch.  A  linear  interpolation  is  used 
between  the  at  rest  and  the  plastic  equilibrium  states.  Soil  re¬ 
sistance  is  assumed  to  be  a  constant  after  its  strain  has  exceeded 
that  required  for  plastic  behavior.  The  primary  variables  determin¬ 
ing  the  state  of  stress  within  the  soil  mass  are  the  direction  and 
amount  of  deformation  to  which  the  soil  mass  is  being  subjected. 

Essentially,  the  author  considered  a  wedge  of  soil  acting  on 
each  side  of  his  arch  and  a  wedge  of  soil  acting  on  the  top.  He 
dealt  principally  with  the  wedges  on  the  side  which  the  arch  either 
moves  into  or  away  from.  This  in  turn  determines  the  loads  which  the 
structure  will  experience.  The  loading  is  modified  by  the  inertial 
effects  of  the  mass  of  soil  considered  and  the  shearing  resistance 
along  the  failure  planes  on  the  wedges. 
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2.7  SUMMARY 

This  review  of  the  literature  indicates  that  although  there  has 
been  considerable  work  in  the  field  of  soil-structure  interaction, 
there  is  no  agreement  concerning  the  soil- structure  interaction 
process.  As  for  the  arching  part  of  the  problem,  some  investigators 
believe  that  an  actual  arch  forms.  Others  feel  that  shear  planes  de¬ 
velop  with  the  deformation  of  horizontal  soil  elements.  The  slip 
planes  generally  radiate  vertically  from  the  structure  toward  the 
surface.  In  actuality,  the  arching  problem  is  probably  just  a  prob¬ 
lem  of  stress  distribution  in  the  soil.  The  majority  of  the  experi¬ 
mental  investigations  have  been  in  dry  sand.  Very  few  tests  have 
been  performed  with  a  plastic  material  which  exhibits  a  sizeable 
amount  of  cohesion. 

In  general,  the  analytical  studies  are  divided  into  those  rely¬ 
ing  on  strength  only  and  those  relying  on  the  deformation  modulus  of 
the  soil.  The  strength  studies  usually  depend  upon  the  development 
of  shear  planes  along  at  least  a  part  of  which  a  fully  plastic  region 
has  developed.  Most  investigators  allow  the  shear  planes  to  continue 
their  planes  to  the  soil  surface;  others  provide  an  empirical  method 
for  determining  the  limit  of  the  shear  plane.  The  studies  using  de¬ 
formation  modulus  are  in  the  minority,  but  appear  to  be  applicable  to 
certain  particular  conditions  such  as  small  deformations. 
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CHAPTER  3 


EQUIPMENT,  COIL,  AND  TEST  PROCEDURES 


3.1  GENERAL 

The  test  program  as  outlined  in  Tables  1  and  2  consisted  of 
placing  a  structure  or  test  device  at  various  depths  in  a  clay  soil 
which  was  confined  within  a  test  chamber  and  applying  several  static 
or  dynamic  pressures  to  the  surface  of  the  soil.  The  deflections  and 
accelerations  of  the  top  and  bottom  of  the  device  as  well  as  within 
the  soil  were  observed  during  the  tests. 

Within  the  overall  objective  of  thic  experimental  program,  i.e. 
to  study  the  effects  of  soil  arching  in  clay,  there  were  other  lim¬ 
ited  objectives  to  tie  this  program  in  with  some  of  the  previous  work 
outlined  in  Chapter  2.  Since  some  of  the  earlier  fundamental  work 
consisted  of  trapdoor  studies,  the  initial  static  tests  were  made 
with  a  device  designed  so  that  its  top  could  be  moved  up  and  down 
similar  to  a  trapdoor.  This  device  was  located  30  inches  or  five 
structural  diameters  (5B)  above  the  fixed  bottom  of  the  test  chamber 
so  that  the  effects  of  the  boundary  adjacent  to  the  trapdoor  could  be 
studied.  Other  objectives  of  the  program  were  to  determine  the  ef¬ 
fects  of  variation  of  the  stiffness  of  the  test  structure  and  the  ef¬ 
fects  of  static  versus  dynamic  surface  pressures.  These  objectives 
necessitated  the  design  of  different  test  devices  and  instrumentation 
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for  the  various  phases  of  the  test  program. 

The  following  sections  of  this  chapter  describe  the  test  cham¬ 
ber,  test  devices ,  instrumentation,  soil,  and  test  procedures  used 
during  this  test  program. 

3.2  TEST  APPARATUS 

3.2.1  Test  Chamber.  The  test  chamber  or  loader  used  was  the 
Small  Blast  Load  Generator  (SBLG)  located  at  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES).  This  facility  consists  of  series 
of  mild  steel,  5/8-inch-thick  rings  bolted  together  and  fixed  to  a 
rigid  concrete  base,  and  topped  by  either  a  static  or  dynamic  pres¬ 
sure  bonnet,  Figure  7*  Rings  are  available  in  heights  of  1/2,  1,  2, 

3,  6,  12,  and  2k  inches  and  can  be  combined  to  provide  any  desired 
depth  of  test  chamber.  A  more  complete  description  of  this  test 
chamber  is  reported  by  McNulty.  The  operation  of  the  generator  is 
described  by  Boynton  Associates  and  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (1963). 

The  dynamic  overpressure  is  applied  by  two  lines  of  commercially 
available,  PETN-filled  detonating  cord  placed  in  two  parallel  firing 
tubes.  Methods  for  determining  the  effective  overpressure- time  rela¬ 
tion  were  investigated  and  reported  by  Dorris .  Actual  dynamic  pres¬ 
sure  records  for  each  test  are  shown  in  Appendix  C. 

The  static  overpressure  is  applied  by  high  pressure  air  furnished 
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by  a  three-stage  compressor  through  a  specially  built  pressure¬ 
regulating  console. 

Since  this  test  program  was  conducted  with  a  highly  plastic 
clay,  a  diaphragm  was  not  used  initially  on  the  surface  of  the  clay 
for  the  static  tests.  Previous  preliminary  work  had  shewn  that  there 
was  a  danger  of  bridging  over  portions  of  the  soil  surface  as  the 
medium  deflected  under  pressure.  Early  static  tests  showed  that 
although  there  seemed  to  be  no  air  leakage  through  the  clay,  it  was 
possible  for  high  pressure  air  to  force  its  way  around  the  outside 
of  the  clay  specimen  and  escape. 

To  control  the  escape  of  the  high  pressure  air,  several  mem¬ 
branes  were  tried.  The  most  successful  were  a  600-gram  Darex  weather 
balloon  and  a  specially  constructed  3/32- inch-thick,  synthetic  elas¬ 
tomer,  flexible  diaphragm,  Figure  8.  The  latter  was  designed  and 
fabricated  in  time  for  use  in  the  latter  part  of  the  static  test  pro¬ 
gram.  The  weather  balloons  were  easily  cut  or  damaged  by  the  slight¬ 
est  sharp  edge  or  indentation  and  had  to  be  very  carefully  handled 
and  placed  in  the  bonnet.  The  static  bonnet  was  modified  to  accommo¬ 
date  the  balloon  and  to  eliminate  edges.  Twice  the  balloons  burst 
during  the  raising  of  the  pressure  and  the  tests  had  to  be  restarted. 
With  the  very  short  load  duration  in  the  dynamic  tests,  no  diaphragm 
was  required. 

Within  the  SBLG,  the  test  device  was  buried  in  the  plastic  clay 
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30  inches  above  the  base  and  centered.  The  following  section  de¬ 
scribes  the  test  devices  used. 

3.2.2  Test  Devices.  The  basic  idea  for  the  design  cf  the  ini¬ 
tial  static  structure  was  that  it  would  have  the  same  diameter  and 
control  as  the  trapdoor  used  in  the  studies  by  both  McNulty  and 
Hendron  (1968).  Secondly,  it  should,  with  minor  changes,  be  capable 
of  allowing  its  vertical  stiffness  to  be  varied  for  the  later  static 
and  dynamic  tests.  It  was  considered  desirable  to  limit  the  weight 
of  the  device  to  that  of  an  equal  volume  of  buckshot  clay.  At  a  wet 
density  of  120  pcf,  this  volume  of  soil  weighed  approximately 
10  pounds. 

The  design  of  the  static  test  device  with  controlled  extension 
and  contraction  was  based  upon  concentric  aluminum  cylinders  as  shown 
in  Figure  9.  The  two  inside  cylinders  were  sealed  by  0  rings  and 
filled  with  transmission  oil.  The  third  cylinder  served  as  a  protec¬ 
tion  to  allow  the  inside  cylinders  to  move  freely.  The  extension  and 
contraction  of  the  device  were  controlled  by  the  fluid  which  was  con¬ 
nected  to  a  piston  on  the  outside  of  the  SBLG  by  nylon  tubing.  The 
device  was  calibrated  so  that  the  approximate  position  of  its  top 
could  be  controlled  by  the  number  of  turns  of  the  piston  shown  in 
Figure  10.  The  number  of  turns  necessary  to  move  the  top  of  the  de¬ 
vice  varied  with  the  internal  fluid  pressure,  so  it  was  necessary  to 
determine  the  exact  movement  of  the  top  relative  to  the  base  of  the 
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device  with  a  Collins  Model  III,  0-0. 2- inch  (Model  SS-102)  linear 
variable  differential  transformer  (LVDT)  mounted  as  shown  in  Figure  9* 
In  addition  a  potentiometer,  Computer  Instruments  Corporation  (CIC) 
Model  III,  0-0.5-inch  range,  was  mounted  in  the  device.  The  LVDT  was 
used  for  initial,  small  displacements  and  the  potentiometer  vas  used 
to  measure  the  larger  movements . 

Connected  to  the  base  of  the  device  were  the  three  steel  tubes 
shown  in  the  center  of  Figure  11.  Two  of  the  tubes  were  connected 
to  displacement  measuring  devices  which  will  be  explained  in  a  later 
section.  The  large  central  conduit  contained  the  tubing  for  the  con¬ 
trol  fluid  and  the  instrumentation  cables. 

The  gap  between  the  top  of  the  device  in  the  extended  position 
and  the  outside  cylinder  was  covered  by  two  layers  of  0-0.1-inch  band 
steel,  one  connected  to  the  top  and  one  connected  to  the  outside  of 
the  device.  A  layer  of  0.003-inch  Teflon  was  wrapped  around  the  out¬ 
side  of  the  entire  device. 

For  static  Tests  6,  7,  and  8,  and  all  dynamic  tests  except  26 
and  27,  the  hydraulic  device  was  modified  in  order  to  allow  its  verti¬ 
cal  stiffness  to  be  varied,  Figure  12.  Since  the  steel  spring  rings 
were  very  heavy,  it  was  necessary  to  eliminate  as  much  metal,  as  pos¬ 
sible.  The  outside  dimensions  of  the  spring-ring  device  remained  the 
same  as  those  of  the  hydraulic  device,  but  the  weight  of  the  spring¬ 
ring  device  was  somewhat  less,  Table  3. 
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For  the  dynamic  tests,  the  displacement  transducers  were  the 
same  as  previously  described  except  that  a  Kaman-Nuclear  Model 
KD-1101-8,  noncontact  unit  was  substituted  initially  for  the  CIC 
Model  III.  The  Kaman-Nuclear  gage  was  unreliable,  so  its  use  was 
abandoned . 

The  spring-ring  system  design  evolved  from  a  metal  bellows  idea 
through  a  proving  ring  concept  first  suggested  by  Hvorslev  (1966)  to 
that  shown  in  Figure  12.  A  detailed  discussion  of  the  development 
of  the  spring  system  is  contained  in  Appendix  B. 

Design  studies  showed  that  by  the  use  of  three  sizes  of  rings, 
l/k,  l/8,  and  l/6  inch,  and  by  varying  the  number  and  placement  of  the 
spacers,  it  would,  be  possible  to  attain  the  entire  range  of  flexi¬ 
bility  desired  except  for  the  stiff est  structure.  Springs  were  built 
and  calibrated  for  each  test.  Calibration  curves  similar  to  that 
shown  in  Figure  13  were  prepared  for  each  test.  Appendix  B.  The 
total  force  acting  on  the  device  was  divided  by  the  area  of  its  top 
multiplied  by  the  measured  deflection.  Thus,  the  stiffness  of  the 
device  was  measured  in  terms  of  pounds  per  square  inch  per  inch. 

The  determination  of  soil  stiffness  is  explained  in  Appendix  A. 
The  soil  modulus  was  calculated  by  using  both  soil  strain  measure¬ 
ments  and  peak  pressure  wave  propagation  velocities.  This  modulus  was 
divided  by  the  height  of  the  test  device,  5  inches,  to  obtain  the  soil 
stiffness  dimensions  of  pounds  per  square  inch  per  inch. 
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The  preliminary  test  program  described  in  Appendix  A  was  con¬ 
ducted  to  determine  the  variation  of  soil  stiffness  under  various 
conditions  of  surface  pressure  and  soil  water  content.  Based  upon 
this  information,  the  design  stiffness  for  the  device  was  determined. 

The  stiffness  of  large  scale  structures  previously  tested 
against  nuclear  weapons  was  examined  in  selecting  the  relative  stiff¬ 
nesses  of  the  test  structures. 

The  majority  of  the  devices  used  in  the  test  program  were  de¬ 
signed  to  be  less  stiff  than  the  soil  because  of  the  objective  of 
determining  if  beneficial  effects  could  be  obtained  from  active  soil 
arching.  The  0.7  stiffness,  Table  2,  was  selected  for  the  majority 
of  the  tests  since  it  corresponded  to  a  stiffness  that  could  be  rea¬ 
sonably  obtained  with  corrugated  metal  structures.  In  Tests  11 
through  19,  the  device  was  designed  to  have  a  constant  relative 
stiffness  at  peak  design  surface  pressure.  In  reality  this  required 
varying  the  actual  stiffness  of  the  device  as  the  design  surface 
pressure  was  changed,  because  the  soil  modulus  varied  with  changes 
in  applied  surface  pressure,  Appendix  A.  As  it  was  not  possible  to 
determine  the  exact  design  surface  pressure  beforehand,  the  exact  re¬ 
quired  relative  stiffness  was  not  obtained,  Tables  1  and  2. 

To  study  the  effects  of  structure  stiffness  under  dynamic  con¬ 
ditions,  a  spectrum  of  relative  stiffnesses  varying  from  0.03  to. 
566.O  in  Tests  20-28  was  planned,  Table  2.  The  design  stiffnesses 
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were  not  always  obtained,  especially  for  the  passive  arching  tests. 

Static  Tests  6,  7,  and  8  were  used  to  supplement  the  dynamic 
data.  Therefore,  the  devices  were  designed  to  be  both  stiff er  and 
more  flexible  than  the  soil.  Just  as  the  soil  modulus  varied  with 
the  surface  pressure,  it  also  varied  with  the  rise  time  of  the  pres¬ 
sure,  Appendix  A.  Thus,  the  actual  stiffness  of  the  device  for  the 
same  relative  stiffness  varied  between  the  static  and  dynamic  tests. 
In  Test  6,  the  device  was  to  be  0.5  as  stiff  as  the  soil;  this  test 
was  to  correspond  to  dynamic  Test  21.  Test  8  also  contained  a  flex¬ 
ible  device  and  was  to  correspond  to  Test  14.  In  Test  7>  a  device 
designed  to  be  3  times  as  stiff  as  the  soil  was  installed,  but  it  at¬ 
tained  only  a  relative  stiffness  of  1.25.  This  test  was  supposed  to 
correspond  to  dynamic  Test  28. 

In  addition  to  the  static  calibration  tests,  dynamic  tests  were 
conducted  on  the  test  devices  in  the  SBLG  to  determine  their  fre¬ 
quency  and  damping  characteristics  in  air.  The  top  was  directly  ex¬ 
posed  to  the  blast  and  no  soil  surrounded  the  test  device.  A  typical 
record  for  one  of  the  tests  is  shown  in  Figure  C-l.  Table  3  contains 
the  results  of  these  tests  and  other  characteristics  of  each  test 
device . 

For  Tests  26  and  27  it  was  necessary  to  modify  the  test  device 
still  further.  The  spring  rings  were  replaced  by  a  solid  steel  cyl¬ 
inder  constructed  and  installed  as  shown  in  Figure  14.  All  other 
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components  of  the  device  were  exactly  the  same  as  those  in  Fig¬ 
ure  12.  Strain  gages  were  bonded  to  the  thin  portion  of  the  steel 
cylinder  and  were  used  to  measure  load.  The  device  was  calibrated 
in  a  static-compression  machine  and  a  curve  of  strain  (voltage  out¬ 
put)  versus  load  was  constructed. 

3-3  INSTRUMENTATION 

The  measurements  made  during  both  the  static  and  dynamic  tests 
were  bonnet  pressure,  soil  and  structure  deflections,  and  soil  and 
structure  pressures.  In  addition,  soil  and  structure  accelerations 
were  measured  in  all  dynamic  tests.  Strains  in  the  top  and  bottom 
of  the  test  device  and  in  the  deflection  rods  were  measured  during 
some  of  the  high  pressure,  dynamic  tests. 

3.3.1  Gage  Locations.  Gage  location  diagrams  similar  to  Fig¬ 
ure  15  showing  the  vertical  and  horizontal  location  of  each  gage 
within  the  test  chamber  were  used  for  each  test.  The  symbols  shown 
in  this  figure  were  used  throughout  the  test  program  to  identify 
the  type  of  gage,  its  location,  and  its  instrumentation  channel. 

As  can  be  seen  in  the  figure,  the  instrumentation  was  concentrated 
at  the  35-inch  level.  This  was  the  level  of  the  top  of  the  test 
device  for  all  tests.  A  secondary  instrumentation  concentration 
was  located  above  and  below  the  test  device.  The  locations  of  the 
gages  were  not  constant  throughout  all  the  tests.  As  information 
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developed  concerning  the  arching  mechanism  as  well  as  the  pressure 
and  deflection  contours  associated  with  it,  the  limited  amount  of 
instrumentation  available  was  moved.  In  addition,  it  soon  became 
apparent  that  the  pressure  and  deflection  profiles  changed  with 
surface  pressure  and  the  type  of  test,  so  instruments  were  moved 
to  what  seemed  to  be  critical  locations. 

During  the  preliminary  test  program  and  a  gage  placement  test 
series  reported  by  Hadala  (1967a),  the  approximate  locations  of  the 
zones  of  disturbance  as  affected  by  the  walls  of  the  SBLG  were 
determined.  As  a  result  of  these  studies,  the  movement  of  soil 
deflection  and  pressure  gages  measuring  the  so-called  "free-field" 
effects  was  confined  to  a  very  small  area  during  all  the  tests. 

Since  the  test  program  extended  over  a  period  of  approximately 
fifteen  months,  the  number  and  types  of  gages  available  did  not 
remain  constant.  The  soil  pressure  and  deflection  gages  experienced 
a  high  mortality  rate  during  the  dynamic  test  program. 

The  basic  concepts  behind  the  layout  of  the  gages  in  both  the 
static  and  dynamic  tests  are  outlined  in  the  following  paragraphs. 

First  it  was  considered  important  to  know  the  vertical  soil 
pressure  profile  at  the  35 -inch  level.  From  this  information  it 
was  hoped  that  clues  to  the  mechanism  and  volume  of  soil  involved 
in  the  arching  would  be  disclosed.  Secondly,  the  soil-pressure 
gages  were  placed  to  disclose  the  variation  of  soil  pressure  with 
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depth.  The  effects  on  the  arching  mechanism  of  the  pressure  wave 
as  it  passed  the  structure  and  moved  below  it  were  considered 
important.  Thus,  an  array  of  vertical  and  horizontal  gages  was 
placed  above  and  below  the  test  device  and  in  the  free  field  when 
possible.  The  gages  were  used  to  determine  the  ratio  of  horizontal 
to  vertical  pressure  and  the  variation  of  this  ratio  with  depth.  In 
addition,  these  gages  were  placed  so  as  to  measure  the  change  in  the 
direction  of  the  principal  stress  in  the  soil  if  arching  took  place. 
As  the  test  program  progressed,  it  was  found  that  the  direction  of 
the  principal  soil  stress  was  not  always  vertical  or  horizontal  but 
varied  considerably  within  the  medium  as  the  load  transfer  progressed. 
Near  the  end  of  the  test  program,  a  technique  of  placing  a  three- 
gage  array,  vertical,  horizontal,  and  inclined  45  degrees,  first 
suggested  by  Drake  was  tried. 

3«3 «2  Description  of  Gages  and  Placement  Techniques.  The  soil 
pressure  cells  used  in  all  tests  were  350-ohm,  semiconductor,  strain 
gage  type,  known  as  the  SE  gage.  This  gage  was  designed  and  built 
at  WES  (Ingram,  1965).  These  gages  were  placed  with  their  surfaces 
flush  with  the  soil  surface  as  shown  in  Figure  16.  The  hole  for  the 
gage  was  formed  with  the  "cookie  cutter"  shown  in  Figure  16.  The 
cutter  was  developed  during  the  test  program.  After  the  gage  was 
placed,  soil  was  mounded  over  it  and  compacted  with  a  Harvard  minia¬ 
ture  compactor.  Similar  cut-and-cover  techniques  were  used  for  the 
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gages  measuring  pressure  normal  to  planes  inclined  at  90  and  45 
degrees  to  the  horizontal. 

The  soil  deflection  gages  shown  in  Figure  17  were  designed  and 
constructed  at  WES.  They  consisted  of  an  epoxy  disk,  2  inches  in 
diameter  and  l/4  inch  thick,  density-matched  to  the  soil,  and  con¬ 
nected  to  a  1 /4-inch-diameter  steel  tube.  This  tube  was  slipped  in¬ 
side  a  3/8-inch-diameter  protective  tube  and  connected  tc  a  trans¬ 
ducer  housed  in  a  protective  cylinder  attached  to  the  test  chamber 
base.  The  transducers  were  either  Bourns  Model  108  or  Collins 
Models  SS-105  and  SS-102  depending  upon  the  range  required. 

The  disks  were  the  same  size  as  the  SE  gage  and  were  installed 
in  a  similar  manner  except  that  soil  was  not  mounded  and  compacted 
over  them.  The  connecting  rods,  shown  in  Figure  11,  were  installed 
without  the  disks  prior  to  the  placement  of  soil  in  the  test  cham¬ 
ber.  As  the  soil  level  was  raised,  it  was  compacted  around  the 
stainless  steel  tubes  by  the  use  of  a  small,  2- inch-diameter,  pneu¬ 
matic  compactor.  The  tubes  were  covered  with  Dow  Corning  200  fluid 
to  decrease  the  friction.  Special  precautions  were  taken  not  to 
bend  or  move  the  displacement  rods. 

Four  soil  deflection  gages  were  normally  used  in  each  test. 

Two  of  these  gages  were  used  to  measure  the  free-field  deflection  at 
the  level  of  the  top  and  bottom  of  the  test  device.  The  other  two 
gages  were  moved  during  the  test  series  in  order  to  study  the 


variation  of  the  soil  deflection  with  depth  and  with  radial  distance 
from  the  centerline  of  the  test  device  at  the  35-inch  level.  The 
deflection  gage  results  were  used  also  to  determine  the  secant  modu¬ 
lus  of  the  soil.  This  procedure  is  described  in  Appendix  A. 

Two  similar  devices  were  used  to  measure  the  deflection  of  the 
base  of  the  test  device.  In  Figure  11  the  protective  tubes  and 
cylinders  for  these  devices  are  shown  placed  in  the  center  of  the 
test  chamber. 

During  the  dynamic  tests,  accelerometers  were  placed  in  the 
free  field  at  various  depths  and  on  the  top  and  bottom  of  the  struc¬ 
ture.  The  accelerometers  were  used  to  study  the  effects  of  inertia 
and  pressure  rise  time  on  the  structure  loads.  In  addition,  the 
shock  environment  to  which  the  structure  was  subjected  and  the  rela¬ 
tion  of  structural  and  soil  accelerations  as  structural  stiffness 
changed  were  studied. 

Strain  gage  accelerometers  of  the  Consolidated  Electrodynamics 
Corporation  (CEC)  Model  4-202-0001  and  Statham  Model  A57a  were  used 
in  the  10-g  to  1000-g  range  when  possible.  In  some  of  the  high  pres¬ 
sure  tests,  the  2500-g  Endevco  Model  226l  was  used.  In  the  prelimi¬ 
nary  test  program  and  when  the  strain  gage  accelerometers  were  not  in 
range,  the  Columbia  Model  504-53,  20,000-g  piezoelectric  accelerometer 
was  used.  Eecause  of  baseline  shift  and  drift  of  the  piezoelectric 
gages,  strain  gage  accelerometers  were  used  whenever  possible.  The 
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peak  acceleration  registered  by  the  Columbia  gage  seemed  to  be  re¬ 
liable,  but  integration  of  the  records  to  study  velocity  and  deflec¬ 
tion  was  not  possible  even  with  corrections  for  the  shifts. 

The  accelerometers  used  in  the  soil  were  mounted  on  epoxy  disks 
2  inches  in  diameter  and  l/k  inch  thick.  The  composition  of  these 
disks  was  varied  so  that  the  weight  of  the  disk  and  accelerometer 
was  the  same  as  that  of  an  equal  volume  of  clay.  The  accelerometer 
disks  were  placed  in  the  soil  in  the  same  manner  as  the  SE  gages. 

For  the  static  tests,  pressure  gages  to  indicate  bonnet  and  in¬ 
ternal  structural  pressures  were  0-  to  60-psi  and  0-  to  300-psi  Ash¬ 
craft  Type  1082AC  Bourdon  gages  and  CEC  pressure  cells,  Models  312 
and  313,  0  to  100  psi  and  0  to  500  psi,  respectively.  The  results 
were  read  directly  by  the  operator  or  recorded  on  a  strip  chart  re¬ 
corder.  During  the  dynamic  tests,  bonnet  pressures  were  measured 
using  a  1000-psi,  Model  211-3i+-C,  Norwood  gage. 

3.3.3  Data  Recording  Systems.  The  signal  conditioning  and  re¬ 
cording  systems  used  for  the  static  and  dynamic  tests  were  neces¬ 
sarily  different.  The  salient  features  of  each  system  are  explained 
in  the  following  paragraphs . 

Figure  18  is  a  block  diagram  showing  the  layout  of  the  system 
used  for  Tests  1  through  8.  Essentially  the  pressure  cells  were  con¬ 
trolled  through  one  of  three  type  225,  10-channel,  Baldwin-Lima- 
Hamilton  (BLH)  balance  and  switching  units,  but  measurements  were 
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either  recorded  on  one  of  the  two-channel  Model  7100B,  Moseley  Strip 
Chart  Recorders  or  read  directly  using  a  Model  201,  Digital 
Voltmeter . 

An  entirely  different  measurement  and  control  system  was  used 
for  the  dynamic  tests.  A  block  diagram  of  this  system  is  shown  in 
Figure  19 .  The  cables  from  all  gages  exited  from  the  SBLG  through 
the  ports  shown  in  Figure  7  and  were  connected  to  a  WES-constructed 
patch  panel  near  the  generator.  The  signal  was  fed  through  a  B  and 
F  Model  6-200  B4  balance  and  calibration  unit  to  either  a  Dana  Model 
2000  or  an  Alinco  Model  SAM-1  amplifying  unit.  A  Kistler  Model  5655-6 
charge  amplifier  was  used  whenever  piezoelectric  accelerometers  were 
used. 

The  test  results  were  recorded  on  both  light  beam  oscillographs 
and  magnetic  tape  recorders.  The  oscillographs  were  CEC  Model 
5-119p4-36  using  7-363  galvanometers.  The  paper  speed  was  160  in./ 
in. /sec.  The  tape  recorders  were  Sangomo  Models  472RB  and  452R  and 
Ampex  Model  E3-100.  The  recorders  had  a  20- KH  frequency  response  and 
the  signals  were  recorded  at  a  tape  speed  of  60  in. /sec. 

3.4  TEST  MEDIUM 

The  highly  plastic  clay  used  to  construct  the  soil  specimens  for 
this  test  program  was  selected  because  of  the  experience  at  WES  in 
its  use.  It  is  locally  referred  to  as  "buckshot  clay."  In  recent 


77 


* 


years  this  material  has  received  rather  wide  use  by  investigators  at 
WES  and  the  Massachusetts  Institute  of  Technology  (MIT),  Jackson  and 
Hadala,  Hadala  (1965),  and  Richardson  and  Whitman  (1963)*  ant^  Whitman, 
Roberts,  and  Mao.  Details  concerning  properties  of  the  test  medium 
are  contained  in  the  above  references  and  in  Table  k  and  Appendix  A. 

3.5  SOIL  AND  TEST  DEVICE  PLACEMENT  PROCEDURES 

The  soil  placement  procedures  previously  developed  for  footing 
tests  and  outlined  in  reports  by  Jackson  and  Hadala,  Hadala  (1965), 
Dorris,  and  Carroll  were  adapted  to  this  test  program.  Air-dry  clay 
was  mixed  to  the  desired  water  content  in  a  pugmill.  The  material 
was  delivered  to  the  test  site  in  a  covered  conveyance  and  kept 
covered  during  soil  specimen  construction.  Sufficient  moist  soil 
to  form  a  3-inch  compacted  layer  was  placed  in  the  SBLG .  One  com¬ 
paction  coverage  was  made  on  the  soil  layer  with  a  10-  by  10-inch 
hand  tamper  as  shown  in  Figure  20.  Following  this,  four  coverages 
by  a  Thor,  Model  D,  mechanical  backfill  tamper  were  used.  The  layer 
surface  was  scarified  and  sprinkled  lightly  with  water  to  promote 
bonding.  Additional  layers  were  constructed  in  a  similar  manner. 
Details  concerning  a  study  to  determine  the  type  and  degree  of  com¬ 
paction  are  contained  in  Appendix  A. 

In  order  to  reduce  friction  between  the  clay  soil  and  the  metal 
rings  of  the  SBLG,  two  layers  of  l/l6-inch,  50-durometer,  nylon 
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reinforced  neoprene  were  used  as  liners.  The  outside  layer  was 
normally  continuous  from  top  to  bottom  of  the  test  chamber  and  the 
inside  layer  was  segmented  into  1-  or  2-foot-high  strips.  The 
segments  were  initially  taped  in  place,  as  shown  in  Figure  11.  The 
tape  on  the  inside  liner  was  cut  or  removed  as  the  soil  specimen 
was  built.  Each  liner  was  greased  lightly  with  GS-403  Automotive 
and  Artillery  grease.  Any  excess  grease  was  wiped  off  the  liners 
prior  to  installation.  Details  concerning  the  development  of  this 
friction-reducing  technique  are  contained  in  Appendix  A  and  a  report 
prepared  by  Hadala  ( 1967b ) . 

The  technique  used  to  place  the  test  device  within  the  soil  is 
explained  in  Appendix  A. 

3.6  'T’EST  PROCEDURES 

3.6.I  Static  Tests.  The  procedures  used  in  the  first  group  of 
static  tests  (1-5)  were  somewhat  different  than  those  used  in  the 
second  group  of  tests  (6-8).  In  the  first  group,  the  test  device 
was  that  shown  in  Figure  9-  The  major  objective  of  these  tests 
was  to  study  active  and  passive  arching  under  conditions  similar  to 
the  trapdoor  studies,  but  with  the  so-called  trapdoor  located  away 
from  a  fixed  boundary. 

For  Tests  1-4  the  device  was  placed  in  the  soil  with  its  top 
in  the  extended  position  and  sufficient  internal  pressure  was 
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exerted  by  the  control  cylinder  shown  in  Figure  10  to  hold  the  top 
into  its  stop  throughout  the  placement  and  compaction  procedure. 

In  Test  5,  the  test  device  was  installed  in  the  soil  with  its 
top  in  the  fully  collapsed  position  and  with  its  inside  pressure 
reading  0  psi . 

After  the  device  was  placed  in  the  clay  at  the  desired  height 
above  the  base  and  covered  with  the  desired  depth  of  clay,  the  static 
bonnet  was  placed  on  the  top  ring  of  the  SBLG.  The  pressure  in  the 
bonnet  was  then  raised  to  the  desired  test  pressure  at  the  rate  of 
approximately  2  psi  per  minute. 

As  the  pressure  was  raised,  it  was  necessary  to  increase  the 
pressure  inside  the  device  above  the  pressure  in  the  soil  in  order 
to  prevent  the  top  from  moving.  Because  of  this,  it  was  not  possible 
to  measure  the  actual  pressure  exerted  by  the  soil  on  the  device 
during  this  phase. 

The  deflections  of  the  soil  and  the  base  of  the  test  device 
as  well  as  soil  and  bonnet  pressures  were  monitored  and  recorded 
every  5  minutes  during  the  pressure  buildup.  During  this  phase 
the  device  was  essentially  of  infinite  stiffness.  The  deflections 
of  the  base  of  the  structure  exceeded  those  of  the  soil  at  the 
same  level.  In  other  words,  the  soil  under  the  device  experienced 
what  seemed  to  be  a  punching  failure  due  to  the  excess  loads  it 
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experienced  during  the  pressure  buildup. 

Upon  the  attainment  of  the  desired  bonnet  pressure,  the  de¬ 
flections  and  pressure  within  the  soil  were  allowed  to  essentially 
stabilize.  This  usually  took  from  10  to  30  minutes,  depending  upon 
the  surface  pressures. 

After  all  gages  were  read,  the  top  of  the  test  device  was  either 
raised  (Test  5)  or  lowered  (Tests  1-4)  through  a  series  of  preplanned 
increments  by  use  of  the  control  piston. 

Within  10-15  seconds  there  was  a  response  in  the  deflection  of 
the  top  of  the  device  for  any  change  in  the  inside  pressure.  The 
major  portion  of  the  deflection  occurred  within  10  to  60  seconds 
after  the  movement  of  the  control  piston  was  stopped.  There  was 
continued  noticeable  movement  for  another  5  to  10  minutes.  This 
continued  movement  of  the  top  was  mainly  due  to  the  time  it  took 
for  the  fluid  pressure  within  the  entire  system  to  stabilize  plus 
the  interaction  of  the  effects  of  the  movement  of  the  test  device 
base  and  the  soil  affected  by  the  changes  in  pressure  distribution. 
The  deflection  and  pressure  gages  in  the  soil  responded  more  slowly 
to  the  changed  conditions,  but  stabilized  at  about  the  same  time  as 
the  device  deflection  gage.  The  major  portion  of  their  change  oc¬ 
curred  during  the  buildup  to  design  pressure  in  the  bonnet.  Changes 
due  to  arching  were  usually  not  as  large. 
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After  the  top  had  reached  its  extended  or  contracted  position, 
the  device  was  al.l  owed  to  remain  in  this  position  for  approximately 
an  hour.  All  gages  were  read  and  the  values  recorded  at  the  end  of 
this  period.  In  most  of  the  tests  of  this  group,  the  top  was  re¬ 
cycled  at  least  once. 

Details  concerning  the  exact  sequence  of  operations  and  measure¬ 
ments  taken  for  each  test  are  given  in  Chapter  4. 

For  the  tests  in  the  second  group,  6-8,  the  test  device  shown 
in  Figure  12  was  used.  The  fluid  was  no  longer  required  to  raise 
the  top  of  the  device;  instead,  a  set  of  spring  rings  was  installed. 
The  top  of  the  test  device  was  allowed  to  deflect  throughout  the 
construction  of  the  soil  specimen,  surface  pressure  rise,  and  re¬ 
duction  of  the  surface  pressure. 

The  objective  of  the  tests  in  this  group  was  to  study  the  dif¬ 
ference  in  the  arching  as  caused  by  an  internally  controlled  deflec¬ 
tion  versus  that  caused  by  the  deflection  that  might  occur  in  a  bur¬ 
ied  structure  which  is  externally  loaded.  In  addition,  these  tests 
were  planned  to  serve  as  means  for  determining  the  effects  of  dynamic 
overpressures  versus  static  pressures  acting  on  similar  structures. 

The  position  of  the  top  and  base  of  the  device  as  well  as  that 
of  all  deflection  devices  was  accurately  measured  when  they  were  in¬ 
stalled.  At  the  end  of  the  buildup  and  compaction  of  the  soil  speci¬ 
men,  all  gages  were  read  and  movement  during  compaction  was  noted. 
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Depending  on  the  height  of  material  above  the  device  or  deflection 
disk  and  the  stiffness  of  the  device  and  soil,  the  deflection  during 
compaction  varied  from  approximately  0.001  to  0.01  inch. 

As  pressure  was  applied  to  the  surface,  the  deflections  of  the 
soil  and  test  device  as  well  as  the  pressures  in  the  soil  were 
observed. 

At  a  depth  of  burial  of  6  inches,  the  top  of  the  structure 
began  to  respond  in  1.2  to  1.8  minutes  after  pressure  was  applied  to 
the  surface.  The  top  continued  deflecting  at  a  rapid  rate  for 
approximately  the  same  amount  of  time  after  the  pressurization 
ceased.  The  deflection  gages  under  the  device  and  in  the  free  field 
at  the  35-inch  level  responded  to  an  increase  in  surface  pressure 
in  0.4  to  0.8  minute  at  low  pressures  and  almost  instantly  at  pres¬ 
sures  over  20  psi.  These  gages  seemed  to  follow  the  pressure  curve 
closely. 

When  the  application  of  surface  pressure  stopped,  the  gages 
measuring  soil  and  structural  base  deflection  stopped  their  movement 
almost  immediately.  With  a  drop  in  pressure,  free-field  gages 
responded  in  0.6  to  0.8  minute  while  the  gages  under  the  device 
responded  in  1.6  to  1.8  minutes.  The  top  of  the  device  responded 
in  0.6  to  1.2  minutes. 

Upon  the  complete  release  of  bonnet  pressure,  all  deflection 
gages  rebounded  rapidly  for  about  2  minutes.  Measurable  rebound  was 
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observed  for  approximately  12  minutes. 

With  the  top  of  the  test  de/ice  buried  12  inches  below  the  soil 
surface  and  at  surface  pressures  up  to  125  psi,  all  deflection  gages 
responded  to  an  increase  in  bonnet  pressure  in  approximately  1.8  min¬ 
utes  .  The  deflections  continued  for  approximately  the  same  amount 
of  time  after  the  pressure  had  stabilized. 

After  a  surface  pressure  of  125  psi  was  reached,  no  definite 
breaks  were  noted  in  the  soil  and  device  base  deflections  when  the 
surface  pressure  changed.  All  movements  were  slow  and  gradual. 

With  surface  pressure  in  excess  of  200  psi,  and  at  a  depth  of 
12  inches  below  the  surface,  no  definite  breaks  were  noted  in  the 
movement  of  any  of  the  deflection  gages.  All  movements  were  slow 
and  continuous.  Below  200  psi,  the  movement  of  the  top  of  the  device 
showed  small  but  definite  breaks  in  the  deflection  record  almost  in¬ 
stantaneously  with  a  decrease  in  surface  pressure.  These  steps  be¬ 
came  much  larger  below  140  psi. 

When  a  surface  pressure  of  approximately  40  psi  was  reached,  the 
soil  and  device  base  began  to  respond  rapidly  to  the  decrease  in 
pressure.  The  device  base  moved  very  rapidly  when  the.. surface  pres¬ 
sure  was  below  15  psi.  All  gages  attained  practically  a  steady  posi¬ 
tion  in  approximately  2  minutes  after  0  surface  pressure  was  reached. 
The  test  device  remained  in  the  soil  specimen  from  1  to  20  hours. 

All  gages  were  read  at  intervals  until  a  steady  state  was  reached. 
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Upon  removal  of  the  SBLG  bonnet,  the  soil  surface  was  profiled 
and  photographed  if  a  noticeable  deformation  was  found.  The  soil 
was  then  carefully  removed  so  that  its  structure  could  be  observed 
and  the  locations  of  gages  and  test  device  could  be  measured. 

3.6.2  Dynamic  Tests.  In  all  dynamic  tests  except  26  and  27, 
the  test  device  shown  in  Figure  12  was  installed  at  a  specified 
depth  of  burial  within  the  soil  specimen.  For  Tests  26  and  27  the 
device  shown  in  Figure  14  was  used.  The  top  and  base  were  not  pre¬ 
vented  from  deflecting  during  compaction  of  the  soil  above  the  de¬ 
vice,  but  these  deflections  were  monitored. 

All  pressure  and  deflection  gages  were  read  when  construction 
of  the  soil  specimen  was  completed.  Instrumentation  hookup,  cali¬ 
bration,  and  checkout  normally  took  from  4  to  16  hours. 

After  the  firing  tubes  in  the  bonnet  were  loaded  with  sufficient 
quantity  of  detonating  cord  to  produce  the  planned  surface  pressure, 
all  control  passed  to  a  central  control  room  which  contained  the  sig¬ 
nal  conditioning  equipment,  oscillographs,  tape  recorders,  and  test 
control  programmer. 

Upon  completion  of  the  firing  and  safety  check  of  the  firing 
tubes,  all  gages  were  reread  to  determine  their  final  positions.  The 
surface  of  the  specimen  was  closely  examined,  profiled,  and  soil 
samples  were  taken.  After  the  surface  pressure  was  checked,  a  deter¬ 
mination  was  made  as  to  whether  a  repeat  shot  was  required.  If  the 
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pressure  from  the  initial  shot  was  considered  insufficient,  then  a 
new  charge  was  prepared  and  fired.  Tests  1?,  25,  and  27B  and  C  are 
repeat  firings  on  specimens  prepared  for  Tests  11,  24,  and  27A, 
respectively. 

Upon  completion  of  the  profiling  and  sampling  of  the  soil  sur¬ 
face,  the  specimen  was  carefully  dismantled.  The  soil  was  examined 
and  the  position  of  all  instrumentation  was  measured.  These  meas¬ 
urements  were  made  with  a  Lory,  Type  B  point  gage  which  could  be 
positioned  accurately  on  the  ring  flanges.  In  addition,  the  signals 
from  the  instruments  were  read  as  the  instruments  were  uncovered  so 
that  any  zero  shift  in  the  pressure  gages  or  discrepancies  in  the 
base  position  of  the  deflection  gages  could  be  discovered. 

3 . 7  DATA  REDUCTION 

For  the  static  tests,  all  gages  were  read  as  outlined  in  Section 
3.3.3  and  the  data  were  recorded  by  hand  on  master  sheets.  Readings 
were  taken  after  all  surface  pressure  changes,  at  selected  time  in¬ 
tervals,  and  after  changes  in  the  position  of  the  top  of  the  test 
device.  Using  previously  prepared  calibrations,  the  data  were  re¬ 
duced  and  tabulated.  Measurements  made  as  the  instruments  were  in¬ 
stalled,  after  compaction,  and  after  the  tests  also  were  recorded  in 
tables.  These  tables  were  the  master  files  from  which  all  calcula¬ 
tions  and  figures  were  prepared. 
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Data  reduction  for  the  dynamic  tests  was  somewhat  similar. 
Calibrations  were  prepared  for  the  oscillograph  and/or  tape  records. 
The  time  base  for  all  data  selection  was  determined  by  a  zero  timing 
line  which  was  placed  on  the  record  when  the  explosion  of  the  charge 
cut  the  timing  wire  placed  in  the  SBLG  bonnet. 

After  an  examination  of  all  records  to  determine  the  time  at 
which  critical  events  such  as  peak  acceleration,  peak  deflection, 
peak  pressures  at  various  levels,  and  the  time  of  arrival  of  meas¬ 
urable  reflections  occurred,  the  data  were  taken  from  the  records 
by  direct  measurements  at  the  preselected  times.  If  later  examina¬ 
tions  showed  gaps  in  the  trend  of  the  data,  then  these  were  filled 
by  adding  data  between  the  time  intervals .  All  data  were  tabulated 
so  that  they  could  be  examined  closely  and  conveniently  extracted  for 
calculations  and  figures. 

In  addition  to  direct  extraction  from  the  records,  acceleration 
data  which  were  to  be  processed  in  the  computer  to  produce  velocities, 
deflections,  or  a  Fourier  spectra  were  read  with  a  Gerber  Telereader 
to  produce  the  data  needed  for  the  punch  card  input. 
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CHAPTER  4 


* 


EXPERIMENTAL  RESULTS 


4.1  GENERAL 

The  test  program  consisted  of  three  groups  of  arching  tests. 

The  first  two  groups  were  static  tests,  Table  1.  Group  one,  Tests 

I- 5,  contained  those  tests  in  which  the  top  of  the  test  device  was 
forced  to  move  into  or  away  from  the  soil  above  it.  In  group  two, 
Tests  6-8,  the  top  was  allowed  to  deflect  under  pressure  applied  to 
the  soil  surface.  Its  resistance  to  deflection  depended  on  its 
stiffness  relative  to  the  soil.  The  third  group  were  dynamic  Tests 

II- 28,  Table  2.  The  top  of  the  test  device  was  allowed  to  deflect 
as  the  various  input  parameters  forced  it  to  respond. 

In  this  chapter  the  detail  results  of  each  group  of  tests  are 
represented  by  sets  of  curves.  Trends  are  examined  and  discussed. 
Because  of  the  voluminous  amount  of  raw  data  available,  all  of  the 
data  are  not  presented.  Appendix  C  contains  the  oscillograph  records 
from  the  dynamic  tests,  including  the  preliminary  tests.  The  actual 
records  have  been  included  since  they  may  be  of  assistance  to  other 
investigators  studying  free-field  behavior  or  soil- structure  inter¬ 
action.  The  static  data  do  not  lend  themselves  to  this  type  of  pres¬ 
entation  and  are  therefore  not  included  in  raw  form. 

The  figures  in  Appendix  C  also  show  the  exact  location  of  each 
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gage  before  and  after  the  tests .  These  locations  sure  not  presented 
in  any  other  section  of  this  report. 

The  digested  data  from  the  static  and  dynamic  tests  are  pre¬ 
sented  in  the  following  two  sections.  Each  section  is  subdivided 
into  a  particular  measured  or  observed  effect. 

h.2  STATIC  TESTS 

h.2.1  Arching  Curves.  In  this  rection  the  results  of  static 
Tests  1-8  are  presented  in  the  form  of  arching  curves  .  These  curves 
depict  the  test  results  in  terms  of  pressure  exerted  on  the  top  of 
the  structure,  pressure  exerted  on  the  surface  of  the  soil,  shear 
strength  of  the  soil,  deflection  of  the  test  device,  and  deflection 
of  the  soil  (Figures  21-25). 

Most  of  the  significant  data  and  calculations  from  the  static 
tests  are  summarized  in  Table  5.  This  table  contains  the  dimen¬ 
sionless  parameters  used  to  plot  curves.  All  data  points  have  not 
been  plotted  for  each  test  but  all  significant  points  are  included. 
The  ordinate  of  the  arching  curves  is  the  difference  between  the 
pressure  acting  on  the  top  of  the  device  and  the  pressure  exerted  at 
the  soil  surface  divided  by  one-half  the  unconfined  compressive 
strength  of  the  soil.  On  the  abscissa  two  scales  are  shown.  The 
first  is  the  differential  deflection  between  the  device  and  the  soil 
at  the  level  of  the  top  of  the  device  scaled  by  the  diameter  of  the 
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toot  dovico.  The  dorioction  of  tho  device  is  the  total  deflection  of 
tho  top  of  the  devico.  Tlie  deflection  of  tho  soil  is  tho  doflection 
measured  at  the  same  level  as  the  device  top  and  at  a  radius  sup¬ 
posedly  undisturbed  by  the  sidewall  friction  and  the  arehlnf  action 
of  the  structure.  The  second  abscissa  is  the  total  deflection  of 
the  top  of  the  device  scaled  by  the  diameter  of  the  device.  There 
are  tvo  arching  curves  for  each  test.  The  solid  curve  is  the  dif¬ 
ferential  pressure  versus  the  differential  deflection,  and  the 
dashed  curve  Is  the  differential  pressure  versus  the  total  deflection. 

As  can  be  seen  in  Table  5,  the  data  used  to  draw  the  arching 
curves  are  a  measure  of  the  changes  in  conditions,  pressure,  and 
position  that  took  place  after  the  surface  pressure  had  been  at¬ 
tained.  This  had  to  be  done  since  it  was  found  very  early  in  the 
test  program  that  it  is  the  change,  particularly  the  Instantaneous 
change,  from  the  previous  state  that  seems  to  dotainate  all  results. 

The  arching  curves  should  be  studied  in  conjunction  with  the  actual 
data  shown  in  Table  5. 

Figure  21a  shows  the  results  of  Test  1.  In  this  test  the  top 
of  the  device  vas  burled  2  Inches  below  the  soil  surface.  The  data 
recorded  during  the  time  the  soil  specimen  vas  being  brought  to  test 
pressure  (37.5  psi)  are  not  shown  by  the  arching  curves.  A  structural 
pressure  considerably  higher  than  the  surface  pressure  vas  required 
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to  prevent  movement  of  the  do  vice  top.  The  sum  procedure  was  ueed 
In  Tests  2,  3,  end  4. 

Only  a  small  movement  of  the  top  of  the  device  (0.001  inch)  was 
necessary  to  start  the  unloading  of  the  structure.  The  differential 
deflection  curve  eventually  attained  a  position  almost  parallel  to 
the  deflection  axis.  The  elope  at  the  end  of  the  test  indicates  that 
it  might  have  been  possible  to  Increase  the  differential  pressure  to 
more  than  24.5  pci  if  more  deflection  had  been  possible.  Seeded  de¬ 
flections  of  greater  magnitude  would  have  been  only  of  academic  in¬ 
terest  since  it  in  not  practical  to  build  structures  with  allowable 
deflections  this  large.  A  larger  deflection  might  have  provided  a 
more  accurate  measure  of  the  maximum  differential  pressure  which 
could  be  maintained  at  this  depth  due  to  a  fully  developed  plastic 
zone  around  the  structure.  As  the  top  was  lowered,  the  bane  of  the 
device  continued  to  deflect  although  its  rate  of  deflection  decreased 
considerably  (Table  5).  After  the  top  had  been  lowered  0.47  inch, 
the  device  was  allowed  to  set  in  the  specimen  overnight.  Results  of 
the  load  creeping  onto  the  device  can  be  seen  in  Figure  21a.  The 
minor  change  in  load  seems  small  compared  to  what  might  have  been  ex¬ 
pected  based  on  the  amount  of  cover,  the  surface  pressure,  and  com¬ 
ments  by  Finn  and  Tschebotarioff  (1951). 

As  the  pressure  was  removed  from  the  surface  of  the  test  speci¬ 
men,  the  arching  curve  took  on  the  shape  of  a  passive  arching  curve 
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sine#  the  top  vu  acted  on  from  within  the  device  by  a  pressure  in 
excel*  of  that  in  the  soil  it  tended  to  push  up  on  the  soil  above  it. 
The  point  shown  on  the  figure  as  "end  of  test"  was  measured  before 
the  soil  was  removed  from  above  the  test  device. 

The  arching  curve  for  *est  2  is  presented  in  Figure  21b.  In 
this  test  the  device  was  placed  at  a  depth  6  inches  below  the  soil 
surface.  The  curves  start  at  the  time  the  top  of  the  device  was 
first  lowered.  The  arching  curves  turn  parallel  to  the  deflection 
axis.  This  indicates  that  either  maximum  arching  had  developed  or 
the  surface  pressure  was  not  sufficient  to  develop  full  arching. 

For  this  test  it  is  the  latter  since  the  differential  pressure  is 
equal  to  the  surface  pressure  (Table  5).  From  the  point  at  which  the 
curves  turn  sharply  parallel  to  the  abscissa  and  the  differential 
pressure  is  36.6  pslt  the  remaining  points  are  probably  not  signifi¬ 
cant.  After  the  top  of  the  device  had  been  fully  retracted ,  it  was 
raised  in  increments  as  shown  in  Table  5.  The  initial  part  of  this 
curve  takes  on  a  shape  similar  to  a  pas  si  e  arching  curve.  This 
passive  portion  of  the  curve  might  have  taken  on  a  different  shape 
had  more  time  been  allowed  and  more  points  used.  In  addition,  the 
shape  may  be  the  result  of  a  void  developed  during  the  large  defor¬ 
mations.  The  last  two  points  on  the  passive  curve  are  in  doubt  be¬ 
cause  of  the  sharp  upward  turn.  This  probably  Indicates  that  the 
top  had  hit  its  stops . 


92 


K 


During  the  fecond  rapid  lowering  of  the  top,  the  differential 
deflection  curve  atarti  practically  along  the  same  curve  ahown  for 
the  first  lowering.  Had  more  points  been  plotted,  the  sh^pe  might 
have  been  more  similar  Instead  of  the  straight  line  used  between  the 
points  at  6  hours  and  37  minutes  and  6  hours  and  Mi  minutes.  The 
curve  for  the  second  lowering  also  turns  parallel  to  the  abscissa. 
There  may  be  a  question  as  to  why  the  curve  did  not  come  to  the 
sane  differential  pressure  as  the  first  curve.  This  can  be  accounted 
for  by  the  fact  that  the  surface  pressure  was  lowered  during  this 
period.  Therefore,  it  was  not  possible  to  obtain  the  same  differen¬ 
tial  pressure.  The  final  pressure  on  top  of  the  device  vas  the  same 
for  both  portions  of  the  test.  In  other  words,  the  soli  vas  able  to 
dissipate  all  the  pressure  acting  on  the  surface  of  the  soil  speci¬ 
men  with  sufficient  deflection  of  the  test  device.  The  point  shown 
as  the  end  of  the  test  was  measured  with  the  soil  on  the  device  and 
with  zero  surface  pressure. 

Figure  22  shows  the  arching  curves  for  Test  3.  The  figure  has 
been  divided  into  two  parts;  3a  contains  the  arching  curves  when 
the  surface  pressure  was  37.5  psi,  and  3b  shows  the  arching  curve 
when  the  surface  pressure  was  raised  to  50  psi.  After  reaching 
a  structural  pressure  of  1  psi ,  the  device  was  allowed  to  stand  over¬ 
night  with  no  change  in  the  piston  controlling  the  deflection  of  the 
top  of  the  device.  During  the  l^. 5-hour  creep  period,  the  surface 
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prennure  remained  at  37.5  pal  and  the  top  of  the  device  moved  down 
approximately  O.Ohfl  Inch.  The  base  of  the  device  moved  down  ap¬ 
proximately  0,027  Inch  and  the  differential  deflection  increased 
57  mills.  Pressure  on  the  top  of  the  device  increased  to  3.3  psi. 

It  is  evident  that  the  soil  creep  had  been  sufficient  to  cause 
three  results. 

After  the  creep  period,  further  lowering  of  the  top  of  tht  de¬ 
vice  by  13  mills  was  sufficient  to  pull  a  vacuum  on  the  Inside  of 
the  test  device.  During  this  period,  the  base  continued  to  deflect 
at  approximately  the  acme  rate  at  which  the  soil  in  the  free  field 
was  deflecting  although  the  total  deflection  of  the  base  of  the 
device  was  less  than  the  deflection  of  the  free  field.  This  could 
be  expected  because  of  the  unloading  of  the  soil  underneath  the  test 
device.  At  this  depth  of  burial,  the  surface  pressure  was  not 
sufficient  to  develop  the  full  strength  of  the  material. 

During  the  third  phase  of  Test  3  the  top  of  the  device  was 
raised  through  the  positions  shown  in  Table  5.  The  resulting  arch¬ 
ing  curve  in  Figure  22a  has  the  same  shape  as  a  passive  arching 
curve  beginning  at  the  origin.  The  shape  of  this  curve  is  signifi¬ 
cant  in  that  it  shows  that  as  soon  as  the  direction  of  the  top  of 
the  device  is  changed,  the  load  on  the  device  increases  rapidly. 

The  load  on  the  device  does  not  follow  the  active  arching  curves 
back  to  the  origin  but  takes  on  the  characteristic  shape  of  a  passive 
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arching  curve  immediately.  This  type  of  action  ii  in  agreement  with 
the  curves  previously  presented  by  Terzsghl  (1936c). 

The  point  shown  at  21  hours  and  6  minutes  does  not  appear  to 
be  a  good  point.  The  top  was  probably  into  the  atop  at  this  time. 

The  double  dot-dashed  lines  are  hypothetical  curves  which  might  have 
occurred  had  the  overnight  creep  and  slight  decrease  in  surface 
pressure  not  intervened. 

Figure  22b  and  Table  5  show  the  change  in  the  deflections  of 
the  test  device  as  the  surface  pressure  was  raised  to  50  psl.  The 

shape  of  the  curve  between  the  final  position  at  the  end  of  the 

/ 

37.5-pci  test  and  the  start  of  the  50-psi  test  is  not  known.  In 
order  to  hold  the  top  of  the  test  device  into  the  stops,  the  pres¬ 
sure  on  the  inside  of  the  test  device  was  increased  appreciably 
above  50  psi.  As  previously  discussed,  pressures  during  this  time 
are  not  sufficiently  dependable  to  use  in  plotting  arching  curves. 

The  first  point  shown  in  the  50-psi  curve  was  recorded  when  the 
top  of  the  device  first  began  to  lower.  The  shape  of  the  active 
arching  curve  at  this  pressure  is  not  the  sane  as  that  shown  in  Fig¬ 
ure  22a.  The  time  lapse  and  compression  of  the  clay  seem  to  have 
had  a  decided  effect.  The  shape  of  the  curve  and  the  differential 
pressure  indicate  that  a  surface  pressure  of  50  psi  was  not  suf¬ 
ficient  to  develop  the  full  strength  of  the  material  at  this  depth. 

Table  5  shows  the  results  of  leaving  the  test  device  in  the 
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soil  at  zero  surface  pressure  for  approximately  65  hours.  The  soil 
under  the  device  moved  up  and  the  top  of  the  device  also  moved  up.  v 

The  differential  deflection  indicates  that  the  overall  movement  of 
the  device  in  relation  to  the  soil  was  up.  The  location  of  the  de¬ 
vice  in  relation  to  the  coil  after  the  soil  vac  removed  to  the  35- 
inch  level  has  been  included  in  Table  5. 

The  arching  curves  for  Test  li  are  presented  in  Figure  23.  The 
test  device  was  buried  at  a  depth  of  6  inches,  and  the  surface  pres¬ 
sure  was  75  psi.  The  active  arching  curves  resulting  from  the  lower¬ 
ing  of  the  test  device  are  characteristic  of  this  type  curve.  The 
arching  curves  are  generally  parallel  to  the  abscissa  at  1  hour  and  7 
minutes.  At  this  time,  the  deflection  of  top  of  the  device  was  91 
mills  and  the  differential  pressure  was  approximately  36.6  psi.  This 
pressure  and  deflection  correspond  very  closely  with  the  results  noted 

in  Te3ts  2  and  3,  i.e.,  the  curves  pass  through  practically  the  same 

2&P 

point.  The  scaled  differentisLl  pressure  of  -  =  3*3  measured  at 

*u 

1  hour  and  7  minutes  is  probably  a  good  indication  of  the  strength 
of  the  soil  at  this  depth  of  burial.  The  slope  of  the  arching  curve 
indicates  that  either  the  soil  was  increasing  in  strength  with  time 
or  that  the  much  larger  deflections  were  able  to  mobilize  more 
strength.  In  the  latter  case,  it  means  that  even  larger  differen¬ 
tial  deflections  might  have  generated  greater  differential  pressures. 

The  much  higher  differential  pressure  developed  by  further  lowering 
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the  top  at  2  hours  and  33  minutes  was  due  to  the  stops. 

The  initial  point  plotted  indicates  a  plus  differential  pres¬ 
sure  or  passive  arching  condition.  This  was  the  tiue  condition 
since  the  device  had  been  held  in  a  stiff  configuration  while  the 
surface  pressure  was  raised.  When  the  top  was  raised,  a  true  pas¬ 
sive  arching  condition  resulted. 

For  the  second  lowering  of  the  top  of  the  test  device,  the 
arching  curve  was  similar  to  the  initial  curve  except  that  the 
initial  part  of  the  curve  was  steeper.  This  may  have  been  due  to 
the  high  pressures  that  were  exerted  on  the  top  of  the  device  at 
the  end  of  the  passive  portion  of  the  test  and  increased  soil 
strength.  This  curve  fell  above  the  curve  for  the  first  lowering 
Just  as  was  noted  in  Test  2,  but  in  this  case  the  surface  pressure 
was  the  same  for  both  phases  of  the  test.  In  addition  to  the  fact 
that  the  origin  for  the  second  test  was  different,  examination  of 
the  soil  showed  that  failure  planes  had  developed.  The  differen¬ 
tial  pressures  during  the  second  lowering  depended  on  the  type  and 
extent  of  the  failure  planes  developed  and  the  remolding  of  the 
soil  along  these  planes .  The  actual  change  in  pressure  was  from 
a  plus  36.1  psi  at  1*  hours  and  39  minutes  to  a  minus  36.1  psi  at 
6  hours. 

The  data  in  Table  5  for  Test  h  show  that  the  base  of  the  de¬ 
vice  moved  up  during  the  first  lowering  of  the  top.  The  deflections 
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arc  shown  with  a  negative  sign  oince  they  are  in  the  opposite  direc¬ 
tion  to  the  deflection  of  the  soil  and  the  top  of  the  device.  This 
action  resulted  from  the  fact  that  the  soil  under  the  device  was 
unloading  from  a  high  preloadcd  condition  while  the  soil  in  the  "free 
field"  was  being  loaded.  When  the  top  of  the  device  was  raised ,  the 
base  began  to  deflect,  as  expected. 

Movement  of  the  deflection  measuring  instruments  after  the  sur¬ 
face  pressure  was  released  and  the  overnight  creep  at  zero  surface 
pressure  also  are  shown.  These  data  ore  actual  deflection  data  and 
actual  positions  without  reference  to  the  base  point  established  af¬ 
ter  the  surface  reached  test  pressure.  This  accounts  for  the  unusual 
shape  of  the  total  deflection  curve  during  this  period  of  time. 

The  arching  curves  for  Test  5  are  shown  in  Figure  2ha.  The  de¬ 
vice  was  placed  at  a  depth  of  6  inches  and  the  top  was  raised  ini¬ 
tially  instead  of  being  lowered.  The  surface  pressure  was  37.5  psi. 
The  device  remained  in  the  soil  3  days  prior  to  this  test.  Deflec¬ 
tions  are  carried  to  four  decimal  places  because  of  the  small  changes 
that  took  place  in  the  soil  deflections  as  a  consequence  of  this  long 
initial  creep  period.  During  this  period  of  consolidation,  the  shear 
strength  of  the  soil  was  increased  from  12.6  to  16.9  psi.  The  arch¬ 
ing  curve  during  raising  of  the  top  seems  to  be  similar  in  shape  to 
other  passive  arching  curves.  There  was  a  large  change  in  the  load 
on  the  device  with  only  a  small  amount  of  movement  of  the  device. 
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The  point  plotted  at  2  hours  and  26  minutes  is  probably  not  a  good 
point  since  the  sharp  change  in  the  shape  of  a  curve  is  an  indication 
that  the  top  was  into  its  stop. 

The  arching  curve  still  had  a  small  amount  of  slope  at  the 

time  of  the  maximum  deflection  of  the  test  device,  but  no  major  load 

An  , 

change  occurred  after  ■—  *  1,000  ■  +16  was  attained.  Scaled  de¬ 
flections  of  this  nature  are  out  of  the  practical  range  for 
structures. 

During  the  initial  lowering  of  the  top,  the  arching  curve  is 
very  steep.  Between  U  hours  and  6  minutes  and  5  hours  and  U6  minutes 
the  curve  begins  to  turn  parallel  to  the  deflection  axis.  Hiere 
actually  was  a  small  decrease  in  the  AP  after  1*  hours  and  8  min¬ 
utes.  This  may  have  been  caused  by  the  speed  of  the  deflection  and 
the  time  it  took  for  the  soil  to  follow.  The  differential  pressures 
are  practically  equal  to  the  surface  pressure.  This  is  an  indica¬ 
tion  that  the  maximum  strength  of  the  soil  probably  had  not  been 
developed  by  the  deflection  attained  at  this  surface  pressure.  Had 
a  higher  surface  pressure  been  used,  a  greater  differential  pres¬ 
sure  probably  could  have  been  developed. 

After  1*  hours  of  creep,  the  load  on  the  device  increased  by 
1.1*  psi  and  the  top  of  the  device  moved  down  approximately  10  mills. 
The  pressure  increased  another  1.3  psi  and  the  top  .aoved  down 
another  17  mills  during  the  overnight  creep  period.  With  lowering 
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of  the  surface  u  c ivr/*r$  i.utr'^te  that  the  device  began  to 

load  the  soil  and  the  arching  curve  U.*-/.  on  passive  characteristics. 

The  arching  curves  for  Tests  6,  7,  and  8  are  different  from 
those  in  the  previous  tests.  The  top  of  the  device  was  not  con¬ 
trolled  by  internal  pressure  (Figure  12).  This  device  had  a  spring 
system  which  allowed  the  top  to  deflect  as  the  pressure  increased  on 
the  device.  The  top  of  the  device  was  not  held  in  position  while 
test  pressure  was  attained. 

The  arching  curves  for  Test  6  are  presented  in  Figure  24b.  In 
this  test,  the  device  was  weaker  or  more  flexible  than  the  soil.  The 
top  of  the  device  was  buried  6  inches  below  the  soil  surface.  During 
the  raising  of  the  surface  pressure  the  arching  curve  is  considerably 
flatter  than  in  the  previous  tests  in  which  the  top  was  artificially 
lowered  under  constant  surface  pressure. 

Examination  of  the  arching  curves  for  Tests  2  and  6  discloses 
similar  first  cycle  differential  pressures  of  approximately  -1.2  psi 
at  comparable  differential  deflections.  Larger  differential  pres¬ 
sures  ultimately  were  developed  in  Test  2  because  of  the  larger  de¬ 
flections  possible. 

An  unusual  phenomenon  which  took  place  during  Test  6  was  the 
change  in  the  direction  of  the  differential  deflection  curve  after 
time  47  minutes.  At  this  time  the  rate  of  deflection  of  the  base  be¬ 
came  considerably  less  than  the  rate  of  deflection  in  the  free  field. 
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As  a  result,  the  differential  deflection  decreased  considerably  until 
time  3  hours  and  28  minutes.  At  this  time,  although  the  differential 
pressure  was  approximately  l4  psi,  the  differential  deflection  was 
only  0.004  inch.  The  total  deflection  of  the  device  was  approxi¬ 
mately  0.89  inch.  No  soil  deflection  gage  was  located  close  to  the 
test  device  at  the  35-inch  level  so  it  was  not  possible  to  determine 
if  larger  deflections  existed  at  this  level. 

When  the  pressure  on  the  surface  was  initially  lowered,  the 
arching  curves  took  on  the  characteristic  shape  of  a  passive  arching 
curve.  The  soil  actually  was  being  held  by  the  surface  pressure  and 
the  device  was  moving  upward  at  a  faster  rate  than  the  soil.  Even 
with  zero  surface  pressure,  approximately  3  psi  was  exerted  on  the 
top  of  the  test  device. 

When  the  surface  pressure  was  returned  to  38.5  psi,  the  top  of 
the  device  deflected  to  approximately  the  same  position  relative  to 
the  base  as  existed  in  the  first  phase  of  the  test.  There  was  only 
a  small  difference  in  the  total  deflection  of  the  device  in  spite  of 
the  fact  that  this  was  the  second  cycle  and  the  test  device  had 
started  from  a  position  lower  than  its  initial  position. 

The  device  was  allowed  to  set  in  the  soil  specimen  for  approxi¬ 
mately  63  hours  with  the  surface  pressure  maintained  between  38  and 
39  psi.  There  was  very  little  change  in  the  deflection  of  the  top 
after  the  first  16  hours  although  the  soil  under  the  device  in  the 
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free  field  continued  to  deflect  at  a  slow  rate.  The  effects  of  creep 
seem  to  have  been  minimal  for  this  test  and  this  test  device.  Pres¬ 
sure  increased  approximately  3.5  psi  during  the  first  16  hours.  In 
the  next  1*7  hours,  the  load  on  the  device  increased  by  0.3  psi. 

During  the  last  20  hours  of  the  creep  test,  the  load  on  the  device 
did  not  change.  Throughout  this  period,  the  deflection  of  the  soil 
in  the  free  field  and  the  deflection  of  the  base  of  the  device  were 
practically  the  same.  Consequently,  there  was  very  little  change 
in  the  differential  deflection  which  could  add  load  onto  the  device. 
The  planned  ratio  of  stiffness  of  the  structure  to  the  soil  was  0.5. 
The  actual  calculated  ratio  was  approximately  0.6.  The  total  load 
experienced  by  the  top  of  the  structure  during  the  creep  period  was 
approximately  0.7  of  the  surface  pressure.  The  results  of  this  test 
seem  to  indicate  that  creep  effects  at  this  pressure  are  minimal 
after  the  first  2h  hours.  Whether  the  same  could  be  said  in  terms 
of  weeks,  months,  and  years  is  not  known  but  the  results  seem  to 
throw  considerable  doubt  on  some  of  the  assumptions  concerning  the 
effects  of  creep  on  arching  made  by  Spangler  (19U8)  and  Finn. 

Figure  25a  contains  the  arching  curves  for  Test  7*  In  this 
test  the  structural  stiffness  of  the  device  "was  designed  to  be  three 
times  that  of  the  soil.  The  calculated  stiffness  of  the  structure  in 
relation  to  the  soil  was  1.25.  In  spite  of  its  stiffness,  the  struc¬ 
ture  did  not  exhibit  passive  arching.  The  structure  actually 
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experienced  a  decrease  in  load  of  approximately  5«5  psi. 

During  this  test,  the  pressure  container,  an  enlarged  weather 
balloon,  broke  and  it  was  necessary  to  restart  the  test.  The  de¬ 
flections  and  pressures  at  the  time  the  pressure  vessel  broke  were 
noted.  During  the  second  pressurization  the  deflections  showed  very 
little  difference  from  the  initial  deflections.  The  flat  portion  of 
the  arching  curve  which  is  parallel  to  the  abscissa  probably  was  due 
to  relative  stiffness.  In  other  words,  this  was  the  pressure  which 
could  be  exerted  on  this  device  buried  at  this  depth  with  this  sur¬ 
face  pressure.  As  noted  in  the  deflection  curves  for  this  test  and 
later  in  the  arching  curves  for  the  dynamic  tests,  the  stiffness  of 
the  device  alone  is  not  a  measure  of  the  amount  of  load  that  a  stiff 
structure  will  experience.  In  this  test,  the  deflection  of  the  base 
becomes  rather  large  and  actually  exceeds  the  deflection  in  the  free 
field  at  the  level  of  the  top  of  the  device.  The  base  deflection  is 
high  enough  when  added  to  the  deflection  of  the  top  to  force  the  dif¬ 
ferential  deflection  to  become  negative  and  thus  result  in  the  nega¬ 
tive  loads  noted. 

The  arching  curves  for  Test  8  are  contained  in  Figure  25b.  In 
this  test,  the  device  was  designed  to  be  less  stiff  than  the  soil. 

The  surface  pressure  was  240  psi.  The  arching  curve  starts  with  the 
characteristic  shape  of  an  active  arching  curve  then  flattens  out  to 
take  on  the  shape  of  the  curves  noted  in  Test  6.  It  is  interesting 
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that  the  differential  pressure  reached  a  value  approximately  five 
times  the  strength  of  the  material.  The  top  of  the  test  device  was 
buried  at  a  depth  of  18  inches.  The  maximum  differential  pressure 
varied  from  54  to  57  psi  after  the  surface  pressure  reached  approxi¬ 
mately  175  psi.  This  indicates  that  a  surface  pressure  of  approxi¬ 
mately  175  psi  was  required  to  develop  the  full  strength  of  this 
material  at  this  depth. 

When  the  specimen  was  allowed  to  creep  overnight,  the  load  in¬ 
creased  by  23  psi  while  the  differential  load  decreased  by  23  psi. 

The  results  seem  to  indicate  that  once  full  arching  exists  and  fail¬ 
ure  planes  have  developed,  creep  is  more  prevalent.  In  addition,  the 
creep  is  obviously  more  substantial  at  higher  pressures.  When  mate¬ 
rial  above  the  structure  remains  below  its  ultimate  shear  strength, 
creep  is  not  substantial. 

The  arching  curves  exhibited  passive  characteristics  when  the 
surface  pressure  was  released. 

Some  general  conclusions  concerning  static  arching  curves  are: 
they  are  hysteretic  in  shape;  it  is  possible  for  active  arching 
curves  to  be  parallel  to  the  deflection  axis  without  full  arching; 
and  their  shape  is  dependent  upon  depth  of  burial,  surface  pressure, 
and  the  manner  in  which  structure  deflections  are  induced. 

4.2.2  Pressure  Profiles.  Figures  26  through  28  are  pressure 
profiles  which  show  the  horizontal  distribution  of  vertical  soil 
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pressure  at  the  35-inch  level  in  the  specimen.  Since  the  top  of  the 
test  device  was  at  the  35-inch  level  for  all  tests  and  since  changes 
in  the  distribution  of  vertical  soil  pressure  as  affected  by  arching 
should  be  significant  at  this  level,  it  was  used  to  plot  all  hori¬ 
zontal  pressure  profiles.  These  figures  are  representative  of  the 
type  of  data  produced  in  the  test  program. 

An  important  point  to  note  in  these  figures  is  the  manner  in 
which  the  soil  pressure  was  affected  by  the  arching  onto  or  away 
from  the  structure.  As  the  load  on  the  structure  was  reduced,  then 
the  soil  pressure  in  the  vicinity  of  the  structure  increased.  Con¬ 
versely,  when  the  structure  attracted  load,  the  soil  pressure  in  its 
vicinity  decreased.  It  is  also  important  to  note  the  radial  dis¬ 
tance  from  the  test  device  at  which  this  effect  is  experienced  by 
the  soil.  Some  of  the  soil  pressures  were  the  result  of  the  lapse 
of  time  as  the  sidewall  friction  was  overcome  and  the  pressure 
worked  its  way  downward  through  the  soil  specimen.  Generally  3  to 
^  hours  were  required  for  the  pressure  to  stabilize  within  the 
entire  soil  specimen. 

Figure  26a  is  the  profile  for  Test  1.  It  is  a  good  example  of 
how  pressure  is  affected  by  movement  of  the  structure.  As  the 
surface  pressure  increased,  the  top  of  the  device  was  held  rigid. 
Since  the  rigid  structure  attracted  load  from  the  surrounding  soil, 
the  soil  pressure  gage  at  a  radius  of  4-1/2  inches  registered 
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considerably  less  pressure  than  the  gages  at  5-1/2,  6,  and  6-1/2 
inches.  As  the  top  of  the  device  was  lowered,  the  pressures  regis¬ 
tered  by  the  h-l/2-inch  gage  began  to  increase  rapidly,  while  the 
pressures  at  5-1/2- ,  6-,  and  6-1/2- inch  radius  increased  at  a  lesser 
rate.  The  gages  at  10,  ll* ,  and  16  inches  stabilized  at  a  constant 
pressure  fairly  early  in  the  test. 

It  seems  reasonable  to  conclude  that  the  structure  did  load  and 
unload  the  soil  and  that  the  effects  are  noticeable  to  a  radius  of 
approximately  6-1/2  inches.  Unfortunately  the  gage  at  the  8-inch 
radius  failed  to  function  properly. 

From  the  gages  remaining  after  19  to  21  hours,  it  can  be  seen 
that  there  was  virtually  no  change  at  the  16-  and  5-1/2-inch  radii, 
but  there  was  a  noticeable  change  in  the  pre^  it  the  h-l/2-inch 
radius  and  on  the  structure.  The  pressure  on  the  structure  in¬ 
creased  and  the  pressure  at  the  h-l/2-ineh  radius  decreased  from  the 
reading  after  U-l/2  hours .  There  were  some  creep  effects  and  they 
seemed  to  affect  only  the  soil  close  to  the  device. 

In  Figure  26b  a  similar  change  in  the  soil  pressure  can  be  noted 
for  Test  2.  As  the  top  of  the  device  was  lowered  the  structure  un¬ 
loaded  and  the  soil  in  its  vicinity  was  loaded.  There  seemed  to  be 
effects  at  least  to  the  6-1/2-inch  radius.  This  figure  also  shows 
the  effects  of  raising  the  top  of  the  device  after  it  had  been 
lowered.  The  pressure  on  the  structure  increased  and  the  pressure 
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acting  on  the  soil  decreased.  Again  the  changes  affected  the  soil  to 
a  radius  of  approximately  6-l/2  inches.  Unfortunately,  the  gages  at 
the  8-  and  10- inch  radii  did  not  function. 

Figures  27a  and  b  show  the  results  from  Test  3.  The  top  of  the 
device  was  buried  at  a  depth  of  18  inches .  In  Test  1  the  top  was 
buried  2  inches  and  in  Test  2  it  was  buried  6  inches.  In  this  figure 
it  can  be  seen  that  the  pressures  registered  by  the  gages  at  a  radius 
of  16,  10,  and  8  inches  did  not  stabilize  immediately.  The  effects 
of  sidewall  friction  are  significant  at  this  depth  and  at  this  sur¬ 
face  pressure.  It  was  only  after  approximately  17  hours  that  the  soil 
pressure  at  these  radii  seemed  to  become  constant.  As  the  top  of 
the  device  was  lowered  and  the  pressure  on  the  device  decreased,  the 
soil  pressure  in  the  vicinity  of  the  device  increased.  The  pressure 
changes  due  to  the  device  do  not  appear  to  extend  further  than 
6-1/2  inches  from  the  test  chamber  centerline. 

As  the  top  of  the  device  was  raised,  Figure  27b  shows  how  the 
pressures  in  the  soil  decreased.  Slight  effects  were  registered  at 
a  radius  of  6-1/2  inches ,  but  not  at  8  inches .  The  soil  pressure 
gages  at  the  8-,  10- ,  and  l6-inch  radii  indicate  that  the  soil 
specimen  reached  an  equilibrium  condition  which  was  unaffected  by 
any  arching  action. 

Figure  27c  shows  the  distribution  of  pressure  for  Test  4.  The 
surface  pressure  was  75  psi.  The  important  part  of  this  profile  is 
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that  the  pressure  was  sharply  lowered  at  the  4-l/2-inch  radius  and 
slightly  lowered  at  the  5-l/2-inch  radius  as  the  device  was  lowered. 
This  is  exactly  opposite  to  the  effects  previously  discussed  for  the 
lower  pressure  tests.  At  6-l/2  inches,  the  gage  indicated  the  be¬ 
ginning  of  the  pressure  buildup  that  was  required  by  the  active  arch¬ 
ing.  The  extent  of  the  raised  pressure  could  not  be  determined  be¬ 
cause  of  gage  failure. 

Figures  28a  and  b  show  the  results  from  Test  6.  The  device  was 
more  flexible  than  the  soil.  In  this  test,  surface  pressure  was 
raised  and  then  lowered,  raised  again,  held  approximately  70  hours, 
and  then  lowered.  The  results  of  lowering  and  raising  the  surface 
pressure  as  well  as  the  arching  effects  on  the  soil  are  clearly 
visible  in  the  pressure  profiles.  The  low  soil  pressure  region  at 
approximately  6  inches  under  active  arching  conditions  was  confirmed 
by  all  37*5-psi  tests. 

During  Test  6  as  the  surface  pressure  was  raised,  the  pressure 
on  the  structure  remained  considerably  less  than  the  surface  pressure. 
This  is  as  it  should  have  been  since  the  structure  was  designed  to 
have  one-half  the  stiffness  of  the  soil.  At  37*5  psi,  the  modulus 
calculations  indicated  that  the  structure  was  actually  0.6  as  stiff 
as  the  soil  (Table  l).  At  time  t  =  2:20  ,  the  pressure  acting  on 
the  top  of  the  device  was  0.64  x  Pg  . 

The  soil  pressures  in  the  vicinity  of  the  structure  show  the 
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results  of  a  considerable  amount  of  structural  unloading.  These 
effects  seem  to  extend  to  the  6-l/2-inch  radius.  There  appeared  to 
be  two  definite  regions  affected  by  the  arching:  one  inside  the 
5-l/2-inch  radius  and  one  outside  the  6-inch  radius.  When  the  sur¬ 
face  was  initially  unloaded,  Figure  28a,  t  =  4:05  and  5:11  >  the 
structure  did  not  unload  as  fast  as  the  soil  surface.  The  condition 
is  somewhat  similar  to  a  passive  test  with  the  structure  attracting 
load.  These  effects  can  be  seen  by  closely  studying  the  actions  of 
the  4-l/2-inch  gage.  The  area  affected  by  the  device  appeared  to 
extend  to  the  6-inch  radius. 

In  Figure  28b,  the  creep  effects  can  be  seen  by  studying  the 
curves  for  times  t  =  7:41  and  t  =  70:17  .  The  increase  at  the 
14-inch  radius  was  probably  due  to  a  reduction  of  sidewall  friction. 
It  is  particularly  interesting  to  note  how  the  pressure  on  the  struc¬ 
ture  increased  with  time  from  22.6  to  2 6.6  psi.  The  soil  pressure 
at  the  4-l/2-  and  5-l/2-inch  radii  remained  virtually  unchanged  and 
the  pressures  at  the  6-  and  6-l/2-inch  radii  decreased.  These 
changes  would  seem  to  indicate  that  the  creep  effects  extended  to 
a  position  high  enough  above  the  structure  to  spread  the  effects  to 
the  6-  and  6-l/2-inch  region  in  the  soil. 

Figure  28c  is  an  example  of  the  pressure  distribution  resulting 
from  the  installation  of  a  device  which  was  supposed  to  be  stiff er 
than  the  soil  in  which  it  was  buried.  The  device  was  designed  to  be 
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three  times  as  stiff  as  the  soil  but  posttest  calculations  showed 
that  it  was  only  1.25  times  as  stiff  as  the  soil  (Table  l).  The 
arching  curve  in  Figure  25a  and  the  data  in  Table  5  show  that  the 
structure-soil  system  acted  less  stiff  than  the  soil  itself.  Some 
of  these  peculiarities  can  be  seen  in  the  soil  pressure  profiles. 

The  pressure  at  the  U-l/2-inch  radius  was  considerably  lower  than 
the  pressure  on  the  structure.  The  pressures  at  the  6-1/2-  and 
l6-inch  radii  are  even  higher  than  the  surface  pressure.  Some  of 
this  pressure  difference  was  gage  overregistration.  This  can  be 
seen  in  the  before  and  after  test  pressure  profiles .  The  soil  pres¬ 
sure  gages  returned  to  almost  their  initial  reading.  This  pressure 
seems  to  be  a  measure  of  the  weight  of  the  soil  above  the  gages. 
Pretest  and  posttest  pressure  measurements  of  this  nature  were  made 
for  all  tests.  They  have  not  been  included  in  the  figures  in  order 
to  eliminate  clutter. 

To  study  more  closely  the  area  of  the  soil  which  was  influenced 
by  the  arching  action  induced  by  the  test  structure,  the  equilibrium 
of  forces  acting  on  the  soil  surface  and  at  the  level  of  the  device 
was  calculated  for  each  test.  The  force  balance  calculations  re¬ 
quired  two  assumptions:  that  a  straight  line  distribution  of  pres¬ 
sure  existed  between  any  two  successive  gages,  and  that  the  vertical 
pressure  profile  was  the  same  along  any  horizontal  radius  emanating 
from  the  top  of  the  test  device.  The  straight  line  distribution 
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assumption  between  the  device  and  the  gage  may  have  been  poor.  More 
than  likely  there  was  an  abrupt  change  of  the  pressure  at  the  edge  of 
the  device. 

As  examples  to  illustrate  the  use  of  this  type  of  calculation 
in  conjunction  with  the  pressure  profiles,  the  data  from  Tests  1  and 
6  are  presented  in  more  detail.  If  time  t  =  4:52  is  selected  for 
Test  1,  then  the  surface  pressure  is  37*8  psi,  Figure  26a. 
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5.5-6 
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32.6 

6-6.5 

40.3 
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4,472 

132.7 

33.8 

6.5-10 

4i.8 

7,578 

12,050 

315.0 

38.2 

10-14 

45.4 

13,684 

25,734 

615.4 

41.7 

l4-i6 

34.7 

6,537 

32,271 

803.8 

40.2 

The  results  of  the  calculations  indicate  that  arching  induced  by 
the  structure  seems  to  have  effects  out  to  a  region  somewhere 
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between  the  6-1/2-  and  10-inch  radii.  Using  the  4-inch  gage  at  the 
32.5-inch  level,  it  is  possible  to  assume  a  somewhat  higher  pressure 
region  between  the  edge  of  the  device  and  the  gage  at  the  4-l/2-inch 
radius,  for  example  39  to  40  psi.  This  would  bring  the  area  involved 
in  the  primary  arching  within  the  6-l/2-inch  radius. 

The  higher  average  pressures  at  the  14-  and  l6-inch  radii  do  not 
exceed  Pg  by  very  much  and  there  were  some  inaccuracies  in  the  meas¬ 
urements  and  calculations.  Another  and  highly  probable  explanation 
resulting  from  a  close  examination  of  many  low  pressure  profiles  is 
that  arching  takes  place  between  the  sidewall  of  the  test  chamber  and 
a  portion  of  the  soil  specimen  in  the  vicinity  of  the  10- inch  radius. 
The  sidewall  friction  causes  differential  deflections  to  take  place 
between  the  soil  at  this  boundary  and  the  soil  further  out  in  the 
specimen. 

Similar  calculations  for  Test  6  at  time  t  =  2:20  showed  that  the 
area  involved  in  arching  extended  to  approximately  the  6-l/2-inch 
radius.  The  average  pressure  inside  this  radius  at  the  35-inch  level 
was  38.I  psi  versus  a  surface  pressure  of  37-5  psi. 

The  force  balance  calculations  confirmed  the  results  obtained  by 
examining  the  pressure  profiles. 

Figures  29  through  32  depict  the  change  in  the  distribution  of 
vertical  soil  pressure  with  depth  for  several  of  the  static  tests. 
These  curves  have  been  plotted  to  show  the  distribution  in  the 
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so-called  free  field  as  well  as  the  distribution  measured  by  gages 
placed  directly  above,  below,  and  beside  the  test  device.  Curves 
are  presented  for  different  time  periods  so  the  change  in  the  dis¬ 
tribution  with  deflection  of  the  top  of  the  device  can  be 
illustrated. 

Figure  29a  shows  that  the  pressure  distribution  changed  practi¬ 
cally  uniformly  as  the  pressure  on  the  surface  increased.  The  gage 
at  the  36-inch  level  and  directly  above  the  device  did  not  attain 
the  surface  pressure  at  time  t  =  0  .  At  this  level,  the  horizontal, 
gage  indicated  that  passive  arching  increased  as  the  surface  pres¬ 
sure  was  raised.  The  gage  measuring  soil  pressure  near  the  test 
device  at  the  35-inch  level  showed  that  this  pressure  was  consider¬ 
ably  lower  than  the  free-field  pressure  which  was  equal  to  the 
surface  pressure.  This  behavior  can  be  explained  by  the  fact  that 
the  top  of  the  device  was  held  rigid  during  the  buildup  of  the  sur¬ 
face  pressure.  The  gage  measuring  horizontal  pressure  at  the 
32-l/2-inch  level  and  at  a  radius  of  4  inches  indicates  that  the 
vertical  pressure  exceeded  the  horizontal  pressure  while  the  surface 
pressure  was  increasing.  At  the  time  the  surface  pressure  reached 
37.5  psi  the  horizontal  pressure  was  practically  equal  to  the  ver¬ 
tical  pressure.  The  gages  at  the  30-inch  level  indicate  that  the 
pressure  distribution  was  fairly  uniform  at  this  level.  The  gages 
at  the  27-inch  level  seem  to  show  that  the  pressure  under  the  device 
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was  higher  than  the  free-field  pressure.  This  is  understandable 
since  the  device  in  its  rigid  condition  has  been  loaded  more  than  the 
free  field.  Therefore,  the  pressure  underneath  the  device  also 
should  exceed  the  free-field  pressure.  After  the  surface  pressure 
reached  37*5  psi,  the  soil  pressure  gages  in  the  so-called  free  field 
continued  to  show  change,  Figures  29a,  b,  and  c. 

The  lowering  of  the  test  device  took  4  hours  and  52  minutes. 

The  surface  pressure  varied  between  37 •  5  and  38  psi.  During  this 
period,  the  free-field  gages  showed  the  following  changes:  the 
6-inch  level  gage  went  from  13.8  to  17*8  psi,  that  at  the  24-inch 
level  went  from  36.9  to  37 - 5  psi,  the  27-inch  gage  from  24.2  to 

27.2  psi,  the  30-inch  gage  from  42.3  to  43.7  psi,  and  the  35-inch 
gage  from  37-4  to  38. 0  psi.  The  variations  and  readings  seem  rea¬ 
sonable  except  for  the  free-field  gage  at  the  27-inch  level. 

During  this  same  period  of  time,  the  gage  at  a  radius  of  4.5 
inches  and  at  the  35-inch  level  went  from  a  reading  of  20.7  to 

49.3  psi.  The  low  reading  was  due  to  the  attraction  of  load  by  the 
stiff  device  and  the  high  reading  was  induced  by  the  lowering  of  the 
top  of  the  device.  The  5*5-inch  gage  went  from  38.5  to  44.3  psi,  the 
6.5-inch  gage  from  35-4  to  4l.4  psi,  and  the  10-  and  l4-inch  gages 
changed  less  than  1  psi. 

In  Figure  29b  the  horizontal  gage  at  the  32-l/2-inch  level  indi¬ 
cates  that  the  ratio  of  the  horizontal  to  vertical  pressure  was  1. 
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At  the  end  of  the  active  arching  test,  Figure  29c  shows  that  the 
pressure  in  the  soil  near  the  device  exceeded  the  pressures  in  the 
free  field  at  the  same  level.  The  results  of  the  arching  extend  to 
the  30-inch  level.  The  horizontal  gage  did  not  show  this  same  rise; 
thus,  the  vertical  pressure  was  greater  than  the  horizontal  pressure. 
The  close-in  soil  pressure  gage  at  the  27-inch  level  indicates  very- 
little  if  any  effect  from  the  active  arching  induced  by  the  structure. 

From  time  4  hours  to  4  hours  52  minutes  shown  in  Figure  2?c, 
very  little  change  in  the  pressures  was  indicated  by  the  free-field 
soil  gages.  The  free-field  gage  at  the  27-inch  level  does  not  appear 
to  have  been  functioning  correctly.  The  soil  gages  near  the  device 
continued  to  show  an  increase  in  pressure  with  the  lowering  of  the 
top  of  the  device  and  therefore  a  decrease  in  the  pressure  acting  on 
the  top  of  the  device. 

Figure  30  contains  the  distribution  of  soil  pressure  and  its 
changes  with  movement  of  the  test  device  for  Test  2.  Figure  30a 
shows  the  distribution  that  resulted  when  the  top  of  the  device  was 
lowered.  The  results  are  similar  to  those  in  Test  1  except  for  the 
gage  located  5  inches  above  the  device.  As  the  device  unloaded 
this  gage  also  unloaded.  This  indicates  that  some  arching  was 
taking  place  above  this  level.  The  close-in  gage  at  the  35-inch 
level  displayed  a  characteristic  unloading  as  the  structure  loaded. 

The  close-in  horizontal  pressure  gages  registered  higher  pressures 
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than  the  average  vertical  pressure  at  the  32-l/2-inch  level.  This 
is  a  reflection  of  the  unloading  caused  by  the  structure.  In  this 
test  the  close-in  and  free-field  gages  at  the  30-inch  level  regis¬ 
tered  similar  pressures.  The  difference  between  the  free-field  and 
close-in  gages  at  the  24-inch  level  seems  to  be  dependent  upon  the 
sidewall  friction  effects.  The  gages  in  the  so-called  free  field 
indicated  a  gradual  rise  in  pressure  with  time.  This  seems  to  be 
another  manifestation  of  the  sidewall  friction.  When  the  top  was 
raised,  Figure  30b,  the  gage  registering  soil  pressure  directly 
above  the  device  showed  an  increase  in  pressure  whereas  the  gage 
at  the  35-inch  level  near  the  device  indicated  a  decrease  in  pres¬ 
sure.  These  are  the  expected  trends.  The  gage  underneath  the  device 
at  the  24- inch  level  registered  a  sharp  increase  as  the  structural 
load  increased.  Note  how  the  ratio  of  the  horizontal  to  vertical 
pressure  at  the  32-l/2-inch  level  reversed. 

Figure  30c  shows  the  pressure  distribution  as  the  top  was 
lowered  the  second  time.  Note  how  the  gage  directly  underneath  the 
device  unloaded  as  the  device  unloaded.  The  gage  directly  over  the 
device  also  unloaded.  Whether  this  change  can  be  directly  attributed 
to  arching  is  not  known,  but  the  change  at  the  4-l/2-inch  radius  is 
opposite  to  the  surface  pressure.  This  would  indicate  arching  ef¬ 
fects  rather  than  surface  pressure  effects. 

Figure  31  shows  the  results  of  changing  the  technique  for 
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placing  the  friction-reducing  material  around  the  inside  of  the  test 
chamber.  For  Test  3,  the  inside  layer  was  segmented  in  horizontal 
strips  so  that  it  could  move  more  freely  (Appendix  A).  Increased 
free-field  pressures  at  the  6-  and  24-inch  levels  resulted.  The  de¬ 
vice  was  buried  at  a  depth  of  18  inches  for  this  test. 

While  the  device  was  in  its  stiff  configuration,  Figure  31&>  "the 
line  of  gages  directly  above  it  were  not  experiencing  as  much  pres¬ 
sure  as  the  free-field  gages.  The  horizontal  pressure  above  the  de¬ 
vice  was  less  than  the  vertical  pressure.  The  direction  of  the  major 
principal  stress  must  have  been  near  vertical.  The  gages  measuring 
soil  pressure  underneath  the  device  experienced  pressures  higher  than 
those  in  the  free  field.  The  4-l/2-inch  radius  gage  at  the  35-inch 
level  indicated  a  higher  pressure  than  the  free  field.  All  other 
trends  were  as  expected  for  passive  arching. 

The  profiles  in  Figures  31a  and  b  at  times  t  =  0:07  and  t  = 

2:41  must  be  compared  to  see  the  results  of  lowering  the  top  of  the 
test  device.  The  profile  at  t  =  17:11  shows  the  overnight  creep 
effects . 

The  lowering  of  the  top  of  the  device  caused  no  change  in  the 
horizontal  or  vertical  pressure  gages  at  the  47-inch  level.  A  de¬ 
crease  in  the  vertical  and  horizontal  pressures  was  registered  by  the 
gages  at  the  38-inch  level  above  the  device,  and  a  slight  decrease 
was  registered  by  the  4l-inch  gage.  These  results  seem  to  indicate 


\ 
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that  the  arching  takes  place  within  1  diameter  above  the  device. 

The  4.5-inch  gages  at  the  35“  and  30“inch  levels  showed  the  in¬ 
creased  pressures  resulting  from  the  structure  unloading  to  the  soil 
in  its  vicinity.  The  gages  under  the  device  reflected  the  decrease 
in  the  load  on  the  device.  The  change  at  the  27-inch  level  was  very- 
marked.  All  free-field  gages  indicated  an  increase  in  pressure  at 
t  =  2:4l  . 

The  creep  period  shown  in  Figure  31b  also  indicates  some  inter¬ 
esting  results.  All  free-field  gages  except  the  one  at  the  38- inch 
level  registered  an  increased  pressure  which  was  probably  due  to  the 
gradual  release  of  the  sidewall  friction. 

Above  the  test  device  there  were  some  noticeable  changes.  Al¬ 
though  there  was  virtually  no  change  in  the  vertical  pressure  at 
the  47-inch  level,  there  was  a  sharp  increase  in  the  horizontal  pres¬ 
sure.  At  the  4l-inch  level  there  was  a  sharp  decrease  in  the  verti¬ 
cal  pressure,  and  at  the  38-inch  level  some  increase  in  the  vertical 
pressure.  These  results  seem  to  indicate  that  with  time,  the  arching 
phenomenon  propagates  upward  into  the  soil.  It  appears  to  be  a  time- 
dependent  behavior  in  the  clay.  During  the  creep  period,  the  pressure 
on  the  top  of  the  device  increased  approximately  2  psi. 

The  pressure  increases  registered  by  the  close-in  gages  at  the 
30-  and  35-inch  levels  could  have  been  the  result  of  the  arching 
action  discussed  above  or  friction  phenomenon  at  the  chamber  walls. 
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The  27-inch  gage  under  the  device  shows  the  results  of  the  changes 
in  the  pressure  on  the  device  and  in  the  free  field. 

As  a  result  of  studying  Figures  31a  and  b  closely,  it  can  be 
seen  that  the  arching  phenomenon  may  not  be  attributable  to  any 
simple  arching  theory.  The  direction  of  the  principal  stress  may 
change  more  than  once  above  the  structure  depending  upon  its  depth 
of  burial,  amount  of  deformation,  and  the  time  effects. 

When  the  top  of  the  device  was  raised,  the  vertical  pressure 
indicated  by  the  gage  above  the  test  device  at  the  4l-inch  level 
increased  considerably.  The  vertical  pressures  at  the  38"  and 

37- inch  levels  registered  no  such  increase,  but  the  horizontal  pres¬ 
sure  at  the  38-inch  level  showed  a  large  increase.  The  principal 
stress  at  this  level  changed  directions.  The  4-inch  radius  at  the 

38- inch  level  was  probably  outside  the  arching  zone  of  action.  At 
time  t  =  2:41  ,  the  structure  registered  a  pressure  of  1  psi  while 
the  vertical  pressure  gage  at  the  38-inch  level  indicated  a  pressure 
of  27-5  psi.  At  time  t  ::  21:06  ,  the  structure  had  a  pressure  of 
59-6  psi  acting  on  it  while  the  gage  at  the  38-inch  level  showed  a 
pressure  of  29  psi.  One  other  possibility  was  a  broken  gage.  A 
posttest  check  of  the  gage  at  the  38-inch  level  did  not  disclose  any 
problems.  Again,  it  must  be  surmised  that  the  arching  effects  ex¬ 
tended  at  least  one  structure  diameter  above  the  device.  The  sharp 
changes  in  pressure  at  the  4l-inch  level  after  the  creep  period 
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indicate  that  the  arching  actions  propagated  above  this  level.  The 
actions  of  the  gages  at  the  47- inch  level  indicate  that  arching  ef¬ 
fects  did  not  reach  this  level. 

The  increased  load  on  the  top  of  the  device  also  caused  the 
gages  below  the  device  to  register  an  increase  in  pressure.  The 
results  are  more  marked  at  the  24-inch  level.  Thus,  it  can  be  seen 
that  effects  are  noticeable  at  least  one  structure  diameter  below 
the  device. 

The  gages  in  the  vicinity  of  the  structure  at  the  35-  and  30- 
inch  levels  in  Figure  31c  show  very  strong  decreases  in  the  vertical 
soil  pressure  as  a  result  of  the  structure.  Such  action  is  normal 
for  the  passive  arching  condition.  The  horizontal  gage  at  the  32.5- 
inch  level  also  reflects  this  change.  By  this  time,  the  free-field 
gages  seem  to  have  stabilized  with  the  exception  of  the  ones  above 
or  at  the  level  of  the  device.  The  actions  of  these  gages  as  seen  in 
Figures  31b  and  c  strongly  indicate  that  the  arching  action  had  ef¬ 
fects  as  fax  out  as  l6  inches  from  the  centerline  as  time  progressed. 
The  stress  reversal  in  Figure  31b  is  especially  interesting  consider¬ 
ing  the  action  of  the  other  free-field  gages. 

Figure  31d  shows  changes  in  the  pressure  profile  as  the  top  of 
the  device  was  lowered.  Surface  pressure  had  been  increased  to  50 
psi.  The  increase  in  pressure  with  the  top  held  rigid  had  increased 
all  pressures  above  the  device  about  the  same  amount  except  at  the 
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47-inch  level.  The  rigid  structural  effects  also  are  manifested  in 
the  pressures  registered  by  the  close-in  gage  at  the  35 “inch  level. 

As  the  top  of  the  device  was  lowered,  the  pressure  6  inches 
above  and  below  the  device  also  dropped.  No  change  was  noticed  in 
the  vertical  pressure  at  the  47-inch  level,  but  the  horizontal  pres¬ 
sure  decreased.  The  pressures  registereu  by  the  close-in  and  free- 
field  gages  at  the  30-  and  35-inch  level  show  an  increase  in  load. 

An  increase  in  load  also  was  observed  at  the  38-inch  level  in  the 
free  field. 

Thus  it  can  be  seen  that  at  Pg  =  50  psi  and  H/B  =  3  the 
active  arching  action  has  marked  effects  at  least  6  inches  above  and 
below  the  structure  and  16  inches  in  a  horizontal  direction  from  the 
structure.  Stronger  reactions  were  noted  at  a  radius  of  4.5  inches 
than  at  the  l6-inch  radius. 

Profiles  similar  to  those  shown  in  Figures  29-31  were  drawn  for 
all  static  tests.  The  results  were  examined  in  a  manner  similar  to 
the  figures  shown.  The  results  of  this  examination  are  reflected  in 
the  conclusions  drawn  in  Chapter  5. 

In  some  of  the  tests,  the  horizontal  and  vertical  gages  were 
placed  above  the  device  in  order  to  examine  the  ratio  of  the  hori¬ 
zontal  to  the  vertical  pressure  and  how  this  ratio  changed  with  arch¬ 
ing  in  the  soil.  In  Test  3  horizontal  and  vertical  gages  were  placed 
3,  6,  and  12  inches  above  the  device.  Unfortunately,  the  gage 


121 


measuring  horizontal  pressure  at  the  6- inch  level  did  not  function. 
Figure  32a  shows  the  stress  ratio  at  the  38“  and  47-inch  levels  above 
the  device  as  well  as  that  at  the  32-l/2-inch  level  beside  the  device. 

As  the  top  of  the  test  device  was  lowered,  the  vertical  pressure 
at  the  38-inch  level  dropped  from  30  to  27  psi  and  the  horizontal 
pressure  dropped  from  25  to  l6  psi.  The  vertical  pressure  at  the 
4l-inch  level  dropped  from  30  to  29  psi.  At  the  47-inch  level  the 
vertical  pressure  increased  1  psi  while  the  horizontal  pressure  in¬ 
creased  5  psi.  At  the  32.5-inch  level  there  was  a  5-psi  increase 
in  the  average  vertical  pressure  and  a  6-psi  increase  in  the  hori¬ 
zontal  pressure.  The  increase  in  vertical  pressure  at  the  32.5-inch 
level  is  due  to  the  pressure  relieved  at  the  35-inch  level  by  the  top 
of  the  device  as  it  was  lowered. 

During  the  overnight  creep  period,  the  vertical  pressure  at  the 
38-inch  level  increased  to  29  psi  while  the  horizontal  pressure  in¬ 
creased  to  20  psi.  The  pressure  acting  on  top  of  the  device  in¬ 
creased  from  1  to  3.3  psi  during  the  same  period.  The  increase  in 
the  ratio  of  the  horizontal  to  vertical  pressure  is  in  the  correct 
direction  and  indicates  that  the  arching  action  works  its  way  up  from 
the  device  progressively  with  time. 

The  gages  at  the  47-  and  32.5-inch  levels  also  showed  an  in¬ 
crease  in  the  horizontal-to- vertical  pressure  ratio.  At  the  47-inch 
level,  the  vertical  pressure  stayed  virtually  constant  while  the 
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horizontal  pressure  increased  from  1 6  to  30  psi.  At  the  32.5~inch 
level  the  vertical  pressure  increased  by  only  2  psi  while  the  hori¬ 
zontal  pressure  increased  6  psi.  At  both  levels  the  increase  in  the 
ratio  seems  to  be  the  result  of  the  high  degree  of  saturation.  The 
vertical  and  horizontal  pressures  are  approaching  each  other  as  the 
soil  approaches  100  percent  saturation. 

During  the  further  lowering  of  the  top  of  the  test  device  the 
horizontal  pressure  at  the  38-inch  level  decreased  slightly  while 
the  vertical  pressure  stayed  practically  constant.  Notice  that  the 
horizontal-to-vertical  pressure  ratio  decreased  just  as  it  did  dur¬ 
ing  the  previous  lowering.  There  were  also  small  decreases  at  the 
47-  and  32.5-inch  levels  which  were  probably  insignificant. 

During  the  next  step,  the  top  of  the  device  was  raised  to 
cause  a  passive  arching  condition  in  the  soil.  At  the  47-inch  level, 
the  vertical  and  horizontal  pressures  remained  relatively  constant. 
This  indicates  that  arching  action  had  very  little  if  any  effect  at 
this  level. 

At  the  32.5-inch  level,  there  were  considerable  pressure 
changes.  The  horizontal  pressure  decreased  12  psi  while  the  average 
vertical  pressure  decreased  13  psi.  These  decreases  resulted  from 
the  action  of  the  test  device  as  it  attracted  load  away  from  the 
soil  in  its  vicinity. 

In  Phase  6  of  Test  3  the  surface  pressure  was  raised  from  37.5 
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to  50  psi  while  the  top  of  the  device  was  held  rigid  in  its  extended 
position.  At  the  38-inch  level  the  vertical  pressure  increased  10 
psi  while  the  horizontal  pressure  increased  approximately  7  psi. 
Directly  over  the  device  the  vertical  pressures  must  have  been  con¬ 
siderably  higher  since  the  device  experienced  pressures  in  excess  of 
70  psi.  At  the  47-inch  level  there  was  practically  no  change  in  the 
pressure  ratio. 

Upon  lowering  of  the  top  of  the  test  device  under  the  higher 
pressure  conditions,  the  horizontal  pressure  at  the  38-inch  level 
decreased  about  18  psi  while  the  vertical  decreased  only  about  3 
psi.  At  the  47-inch  level,  there  was  a  3~psi  decrease  in  the  hori¬ 
zontal  pressure  measured  at  a  radius  of  3  inches  with  no  change  in 
the  vertical  pressure  measured  at  a  3*5“inch  radius.  Notice  that  the 
direction  of  change  in  the  horizontal- to-vertical  pressure  ratio  is 
the  same  for  steps  4  and  7  at  the  47-inch  level.  In  spite  of  all  the 
placement  problems,  these  changes  seem  to  be  caused  by  more  than  just 
chance. 

Figure  32b  shows  the  ratio  of  horizontal  to  vertical  pressure  at 
selected  elevations  in  the  soil  specimen  for  Test  8.  The  curves  ter¬ 
minate  at  different  times  because  of  water  migrating  into  the  gages 
and  the  connectors.  The  high  pressure  to  which  the  gages  were  ex¬ 
posed,  along  with  the  length  of  time,  eventually  caused  all  of  them 
to  cease  functioning.  Gages  were  placed  to  measure  soil  pressures 
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acting  on  horizontal,  vertical,  and  45-degree  planes  at  selected 
radii  and  levels  as  shown  in  the  figure.  The  horizontal-to-vertical 
pressure  ratio  at  a  particular  location  is  plotted  versus  the  surface 
pressure. 

The  gages  on  the  centerline  directly  above  the  device  (35-inch 
level)  and  at  the  4l-inch  level  show  that  the  ratio  varied  from  ap¬ 
proximately  0.55  to  1.15,  while  the  ratio  at  the  47-inch  level  de¬ 
creased  from  0.70  to  0.57*  The  figure  seems  to  indicate  that  the 
arching  action  had  measurable  effects  to  at  least  one  structure 
diameter  above  the  roof.  The  increase  in  the  horizontal  pressure 
with  increase  in  surface  pressure  is  an  indication  of  the  unloading 
action  of  the  soil  above  the  device  as  it  deflected  and  is  similar  to 
the  behavior  hypothesized  by  Terzaghi  (1943).  At  the  47-inch  level 
the  vertical  pressure  gage  followed  the  surface  pressure  within 
1  psi.  The  horizontal  pressure  did  not  show  a  comparable  buildup 
during  this  period.  The  horizontal  pressure  was  approximately  10  psi 

less  than  the  surface  pressure  from  P_  =  20  psi  to  Pc  =  125  psi  . 

b  b 

The  gages  at  the  4.5-  or  5-inch  radius  at  the  35-  and  4l-inch 
levels  show  the  strong  influence  of  the  increase  in  vertical  pressure 
as  the  soil  above  the  structure  unloaded.  After  the  surface  pressure 
exceeded  10  psi,  the  close-in  vertical  gages  began  to  show  the  influ¬ 
ence  of  the  additional  load  arched  onto  the  soil.  This  change  was 
sharpest  at  the  4l-inch  level.  The  switch  from  passive  to  active 


125 


arching  can  be  seen  in  the  action  of  these  gages.  These  results  are 
similar  to  Test  3  and.  appear  to  substantiate  the  explanation  given 
for  the  behavior  of  the  gages  at  the  4l-inch  level  in  Test  3* 

In  general,  the  gages  located  along  the  centerline  or  5-inch 
radius  started  at  a  horizontal-to-vertical  pressure  ratio  between  0.4 
and  0.8.  As  pressure  was  applied  and  the  structure  deflected,  the 
ratio  approached  a  zone  between  0.9  and  1.1  and  remained  constant 
when  P_  exceeded  80  psi.  The  gages  located  at  a  10- inch  radius 
started  at  a  ratio  between  0.8  and  1.2  and  also  tended  to  move  to  a 
range  between  1.0  and  1.1  as  the  surface  pressure  increased.  Undoubt¬ 
edly  the  actions  were  governed  by  a  combination  of  the  degree  of  sat¬ 
uration,  arching,  and  sidewall  friction  effects. 

Because  of  the  anomalies  that  were  noted  in  the  horizontal-to- 
vertical  pressure  diagrams  and  pressure  profiles  and  because  it  was 
desired  to  determine  the  change  in  the  direction  of  the  principal 
stresses,  a  series  of  3-gage  arrays  of  pressure  transducers  was  used 
in  Test  8.  The  use  of  this  arrangement  was  suggested  in  a  paper  by 
Drake.  The  principle  involved  is  simple,  but  placement  of  the  gages 
and  analysis  of  the  results  are  more  difficult. 

If  a  body  is  assumed  to  be  in  a  state  of  plane  stress  and  if  the 
values  of  three  stress  components  at  some  point  in  the  body  are  known, 
it  is  possible  to  determine  the  stress  components  on  a  plane  which 
passes  through  the  point  at  a  known  angle  with  the  plane  of  one  of 
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the  known  stress  components  and  whose  normal  lies  in  the  same  plane 
as  the  known  stress  components,  Crandall  and  Dahl.  Considering  the 
small  wedge  of  material  represented  by  the  triangle  in  Figure  33a, 
the  equilibrium  requirements  £m  =  0  and  £f  =  0  can  be  expressed 
by  three  equations  assuming  the  stress  components  to  be  uniform  over 
each  face.  Manipulation  of  the  equations  using  the  trigonometric 
relations  between  the  sides  of  the  triangle  and  the  double  angle 
relations  results  in  the  following  relations: 

a  +  o  o-o 

o  =  - - — —  +  - - — —  cos  20  +  r  sin  26  (1*) 

x  2  2  hv 

o+o  a.  -  o 

o  ■  - - — — - - — -  cos  28  -  t  sin  20  (5) 

y  2  2  hv 

O'  -  o 

t  *  -  1  ■  ■■■"■ V'  sin  20  +  t.  cos  20  (6) 

xy  2  hv 

The  relations  are  expressed  in  the  form  normally  used  to  repre¬ 
sent  the  stress  components  in  a  Mohr’s  circle  of  stress. 

Since  it  is  not  possible  to  measure  the  shear  stress  acting  on 
a  plane  by  the  use  of  a  soil  stress  gage,  the  value  of  the  shear 
stress  must  be  calculated.  By  placing  the  soil  stress  gages  in  such 
a  way  as  to  measure  the  stress  acting  normal  to  the  vertical, 
horizontal,  and  45-degree  planes,  it  is  possible  to  further  simplify 
the  equations  shown  above.  With  0  =  45  degrees  as  the  gages  are 
shown  in  Figure  33b,  the  equations  become: 
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T 

xy 


hv 

(7) 

hv 

(8) 

• 

_v 

(9) 

Thus  with  the  3-gage  array,  °h  •  av  *  either  o ^  or  oy 
are  measured  directly,  depending  upon  whether  the  l*5-degree  gage  is 
placed  as  in  Figure  33b  (l)  or  (2).  Knowing  the  three  stress  com¬ 
ponents  ,  it  is  possible  to  find  t.  and  t  .  With  these  values 

hv  xy 

known,  a  Mohr's  circle  of  stress  similar  to  those  shown  in  Figure  33d 
can  be  drawn  for  each  array. 

Using  the  Mohr's  circle,  it  is  then  possible  to  find  the  princi¬ 
pal  stress,  the  maximum  shear,  and  the  location  of  the  planes  they 

act  upon.  In  addition,  by  drawing  a  series  of  Mohr's  circles  as  the 

surface  pressure  increases  and  the  test  device  deflects,  it  is  pos¬ 
sible  to  study  the  change  in  the  direction  of  principal  stress  and 
planes  of  maximum  shear.  Thus  with  several  arrays  of  soil  stress 
gages,  it  was  hoped  that  a  closer  study  of  the  arching  mechanism  in 
the  soil  could  be  accomplished. 

In  Test  8,  it  was  possible  to  place  8  gage  arrays  in  the  soil 
specimen  with  the  number  of  SE  gages  available.  Six  of  the  arrays 
were  placed  at  the  35-,  1*1-,  and  l*7-inch  levels  at  radii  of  5  and 
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10  inches.  Two  additional  arrays  were  placed  above  the  test  device 
at  the  4l-  and  47-inch  levels. 

The  one  additional  SE  gage  available  was  placed  measure  hori¬ 
zontal  soil  pressure  1  inch  above  the  test  device.  It  was  assumed 
that  with  the  stress  acting  on  the  top  of  the  test  device  known, 
the  direction  of  the  principal  stress  would  be  obvious.  As  noted 
in  the  previous  discussion  of  Figure  32b,  the  horizontal  stress  was 
large  but  did  not  appear  to  be  large  enough  to  be  the  principal 
stress.  A  45-degree  gage  at  this  location  might  have  helped  elimi¬ 
nate  some  of  the  doubt  concerning  what  was  happening  in  the  soil 
just  above  the  test  device. 

Figure  33d  is  one  of  the  sets  of  Mohr's  circles  drawn  during 
the  analysis  of  Test  8.  The  circles  are  identified  by  the  surface 
pressure  below  each  circle.  The  direction  of  the  principal  stress 
changed  as  the  surface  pressure  increased.  Because  of  the  gage  dif¬ 
ficulties  previously  enumerated,  it  was  not  possible  to  carry  the 
circles  to  the  design  pressure  of  240  psi.  It  can  be  seen  that  the 
shearing  stress  was  still  increasing  at  Pc  =  150  psi  .  The  gages 
in  the  array  shown  in  Figure  33d  lasted  longer  than  any  of  the  others . 
When  one  gage  in  an  array  was  lost,  it  was  not  possible  to  continue 
the  calculations. 

Figure  3^  shows  the  results  from  all  the  arrays  used  in  Test  8. 
The  centers  of  the  circles  represent  the  intersection  of  the 
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centerlines  of  the  three  gages  and  are  located  in  proper  position 
with  respect  to  the  test  device.  The  solid  lines  represent  the  di¬ 
rection  of  the  principal  stress  at  a  particular  surface  pressure. 

The  radial  arrows  between  the  solid  lines  show  the  change  in  direc¬ 
tion  of  the  principal  stress  as  the  surface  pressure  increased.  Nor¬ 
mally  only  two  solid  lines  are  shown  since  the  change  in  direction 
was  continuous  from  its  initial  direction  to  its  final  position  at 
the  highest  pressure.  This  was  not  always  the  case.  Note  the  circle 
for  the  10- inch  radius  at  the  47-inch  level.  The  principal  stress 
moved  from  +14.50  to  -29  degrees  while  Pg  increased  from  10  to 
20  psi.  The  direction  moved  back  to  +44  degrees  between  20  and 
60  psi.  Then  it  moved  up  again  to  a  final  position  of  35  degrees 
at  70  psi.  The  extreme  directions  of  the  principal  stress  are  shown 
when  they  differ  from  the  initial  or  final  directions. 

The  dashed  lines  used  in  the  circles  of  Figure  34  indicate  the 
location  of  the  planes  of  maximum  shear.  In  most  cases  the  maximum 
shear  occurred  in  the  Mohr's  circle  for  the  maximum  recorded  surface 
pressure,  similar  to  Figure  33<*.  This  was  not  always  the  case.  For 
example,  in  the  circle  depicting  the  10- inch  gages  at  the  35-inch 
level,  the  maximum  shear  occurred  with  a  surface  pressure  of  6o  psi. 
Mohr's  circles  drawn  for  higher  surface  pressures  were  smaller  than 
the  60-psi  circle.  This  seems  to  indicate  that  a  shear  failure 
occurred. 
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Note  the  directions  of  the  shear  planes.  One  set  of  the  planes 
is  vertical  in  all  cases.  The  planes  tend  to  point  toward  the  test 
device. 

The  final  direction  of  the  principal  stresses  is  also  interest¬ 
ing.  At  the  4.5-  and  5-inch  radii  at  all  levels,  the  principal 
stress  was  directed  away  from  the  soil  above  the  device.  In  all 
cases  the  principal  stress  moved  from  some  other  orientation  to  this 
final  position. 

The  arrays  at  the  10-inch  radius  of  the  35-  and  4l-inch  levels 
indicate  that  the  direction  of  the  principal  stress  is  from  the  out¬ 
side  or  toward  the  sidewalls.  This  is  a  very  interesting  result 
since  it  seems  to  confirm  the  earlier  tentative  conclusions  concern¬ 
ing  the  high  stresses  noted  at  the  10-inch  radius  in  the  pressure 
profiles,  Figures  26a  and  27a  and  b,  for  example. 

The  Mohr's  circles  for  the  gage  array  at  the  centerline  of  the 
4l-inch  level  were  a  series  of  very  small  circles.  This  indicates 
that  the  load  was  practically  uniform  in  all  directions  throughout 
the  time  the  gages  were  registering. 

The  3“gage  array  investigation  makes  the  results  from  Test  3 
seem  more  plausible.  Note  the  steep  attitude  of  the  principal  stress 
at  the  4-1/2-  or  5-inch  radius  at  the  35-  and  4l-inch  levels.  It  can 
be  seen  that  the  vertical  component  of  these  stresses  will  be  large 
in  relation  to  the  horizontal  component.  While  over  the  device,  the 
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vertical  component  at  the  4l-inch  level  is  smaller  than  the  horizon¬ 
tal  component. 

4.2.3  Deflection  Curves.  Figures  35-40  compare  the  deflection 
of  the  soil  and  the  test  device  in  some  of  the  static  tests.  These 
curves  are  typical  of  the  results  from  all  of  the  static  tests. 

There  were  always  two  gages  measuring  the  deflection  of  the  base 
of  the  device  relative  to  the  fixed  bottom  of  the  pressure  chamber 
and  two  gages  measuring  the  deflection  of  the  top  of  the  test  device 
relative  to  the  base  of  the  test  device.  The  total  deflection  of  the 
top  of  the  device  was  the  sum  of  these  two  deflections.  Normally  the 
results  of  the  two  base  gages  were  averaged.  Since  the  two  gages 
measuring  the  deflection  of  the  top  of  the  device  had  maximum  travels 
of  0.2  and  0.5  inch,  the  result  used  was  taken  from  the  gage  which 
was  more  accurate  in  the  range  of  deflections  being  measured. 

Four  soil  deflection  gages  were  used.  In  some  tests,  these 
gages  were  arrayed  vertically  in  the  so-called  free  field  and  in  some 
they  were  arrayed  horizontally  at  the  level  of  the  top  of  the  device. 
There  was  always  one  gage  at  the  level  of  the  top  of  the  device, 

35  inches  from  the  base  of  the  test  chamber,  and  one  at  the  level  of 
the  base  of  the  device,  30  inches  from  the  floor.  These  gages  were 
placed  in  the  so-called  free  field,  that  is,  in  an  area  that  should 
not  have  been  affected  by  sidewall  friction  of  the  pressure  chamber 
or  by  the  arching  effects  in  the  soil  around  the  structure. 
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During  the  test  program  it  was  found  that  it  was  the  change  from 
a  previous  deflected  configuration  within  any  time  increment  which 
was  important  to  immediate  load  changes.  In  examining  the  curves, 
note  the  relative  change  in  the  position  of  the  soil  gages  and  also 
the  position  of  the  soil  gages  relative  to  the  top  and  base  of  the 
device.  It  is  the  changes  in  position  and  the  rate  of  these  changes 
with  respect  to  one  another  which  show  the  regions  affected  by  arch¬ 
ing  and  how  they  are  affected. 

Figure  35  shows  the  plot  of  the  deflections  for  Test  1.  During 
the  buildup  of  surface  pressure,  the  base  of  the  device  moved  further 
than  the  soil  at  the  same  level.  This  is  understandable  considering 
the  fact  that  the  top  of  the  device  was  held  rigid  and  the  device  ’■■as 
thus  stiff er  than  the  soil. 

During  the  test,  the  gage  placed  at  a  radius  of  inches  regis¬ 
tered  more  deflection  than  the  gages  further  from  the  centerline  at 
the  level  of  the  top  of  the  device.  The  pressure  profile  in  Figure 
26a  shows  that  this  region  was  experiencing  a  rather  high  pressure 
because  of  active  arching.  Further,  the  rate  of  deflection  at  the 
5.5-inch  radius  was  higher  than  that  at  the  8-  and  l6-inch  radii. 

The  8-  and  l6-inch  deflections  were  approximately  equal.  Thus,  the 
region  affected  by  active  arching  extended  to  a  radius  of  5*5  inches 
at  the  level  of  the  top  of  the  device  (35-inch  level),  but  not  to  a 
radius  of  8  inches. 


During  the  overnight  creep  period,  all  deflection  gages  showed 
approximately  the  same  amount  of  movement.  The  top  of  the  device  and 
the  gage  at  the  5.5-inch  radius  showed  the  greatest  creep  deflection. 

When  the  surface  pressure  was  removed,  all  gages  rebounded.  The 
base  of  the  device  moved  to  a  position  approximately  the  same  as  the 
soil  at  the  same  level.  The  top  of  the  device  moved  up,  but  not  as 
far  as  the  soil  at  the  5-5-inch  radius.  This  gage  moved  much  less 
than  the  gages  in  the  so-called  free  field. 

The  deflection- time  curve  for  Test  3  is  presented  in  Figure  36. 
In  order  to  save  space  and  more  closely  examine  the  changes,  deflec¬ 
tion  is  shown  as  the  surface  pressure  rose  to  37.5  psi,  then  the 
curve  is  restarted  at  zero. 

The  data  shown  in  this  figure  indicate  that  the  movement  neces¬ 
sary  to  completely  unload  the  device  at  this  surface  pressure  is 
relatively  small  compared  to  the  overall  movements  in  attaining  the 
test  pressure.  The  base  deflection  shows  the  effect  of  the  unloading 
of  the  device  as  the  top  moved  down.  There  was  very  little  differ¬ 
ence  in  the  deflection  of  all  the  soil  gages.  The  differential  move¬ 
ment  necessary  to  develop  arching  is  shown  to  be  very  small.  At  max¬ 
imum  arching,  the  differential  deflection  was  only  slightly  larger 
than  1  percent  of  the  device  diameter. 

Considerable  movement  by  all  the  gages  was  noted  during  the 
overnight  creep  period.  The  top  of  the  device  deflected  more  than 
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any  of  the  other  gages.  The  soil  gages  at  the  5-5*  &nd.  8-inch  radii 
registered  large  deflections.  These  resulted  from  the  increase  in 
the  load  arched  from  the  device  into  those  regions. 

When  the  top  of  the  device  was  raised,  the  data  in  Figure  36 
show  a  sharp  increase  in  the  deflection  of  the  device  base.  In  ad¬ 
dition,  a  substantial  decrease  in  the  deflection  of  the  soil  at  a 
radius  of  5*5  inches  was  noted.  Both  of  these  results  were  the  re¬ 
sult  of  the  loading  of  the  device  as  its  top  was  raised  or  pushed 
into  the  soil  above  it.  When  the  surface  pressure  was  raised  to 
50  psi,  a  sharp  increase  in  all  deflection  gages,  especially  those 
at  the  base  of  the  device,  resulted.  When  the  top  of  the  device  was 
lowered  at  this  higher  pressure,  the  effects  were  similar  to  those 
noted  earlier  in  the  active  phase  of  the  test  at  Pg  =  37-5  psi  . 

Figure  37  shows  the  deflections  resulting  ,'rom  raising  the  sur¬ 
face  pressure  in  Test  5  and  the  three  days  of  creep  with  the  rigid 
device. 

After  one  day  of  creep  at  Pg  =  37-5  psi,  most  of  the  soil  de¬ 
flection  had  taken  place.  The  base  showed  the  effects  of  c:.e  in¬ 
creased  load  on  this  stiff  device  as  it  attracted  load  from  the  sur¬ 
rounding  soil.  The  close-in  pressure  gages  and  the  10-inch-radius 
deflection  gage  also  reflect  this  result.  The  vertical  soil  pres¬ 
sure  gage  at  the  30-inch  level  registered  approximately  35  psi.  The 
pressure  gage  6  inches  above  the  base  and  1 6  inches  from  the 


centerline  registered  34  psi.  This  indicates  that  sidewall  friction 
was  not  appreciable. 

The  deflection  time  curves  for  Test  6  are  displayed  in  Figure 
38.  This  test  was  different  from  those  previously  shown.  The  de¬ 
flections  of  the  device  top  resulted  from  an  increase  in  the  exter¬ 
nal  pressure  on  the  top.  Deflection  of  the  top  was  not  controlled 
by  pressure  from  inside  the  device.  As  the  pressure  on  the  surface 
was  raised  to  the  desired  test  pressure,  the  base  of  the  device  de¬ 
flected  more  than  the  soil  at  the  same  level.  Evidently  at  low  pres¬ 
sure  the  device  acted  stiffer  than  the  soil.  As  the  surface  pressure 
increased,  the  load  was  arched  from  the  device  onto  the  soil.  The 
deflection  of  the  soil  at  the  35 -inch  level  is  comparable  to  the 
total  device  deflection  even  though  the  device  was  more  flexible  than 
the  soil.  Without  soil  deflection  gages  within  the  area  affected  by 
the  arching,  it  is  not  possible  to  determine  the  actual  differential 
deflection  which  produced  the  active  arching  condition.  From  the 
data  presented,  it  is  obvious  that  arching  did  not  extend  to  the 
l4-inch  radius  at  the  35-inch  level.  Therefore,  differential  deflec¬ 
tions  measured  with  reference  to  this  gage  are  probably  of  minor 
significance. 

When  the  load  on  the  device  decreased,  the  deflection  gage  in 
the  soil  at  the  30-inch  level  approached  the  deflection  of  the  base. 
All  gages  showed  rebound  as  the  surface  pressure  was  lowered.  The 
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soil  at  the  30- inch  level  and  the  base  of  the  device  rebounded  to  ap¬ 
proximately  the  same  position. 

As  the  surface  pressure  was  raised  to  design  pressure  the  second 
time,  the  total  deflection  of  all  gages  was  higher  since  they  started 
from  positions  lower  than  their  original  positions,  but  their  move¬ 
ment  during  the  second  pressurization  was  less.  The  reason  for  this 
was  that  the  soil  was  stiff er.  The  total  deflection  of  the  top  ap¬ 
proaches  that  of  the  soil  at  the  35-inch  level  at  peak  pressure. 

The  soil  deflection  at  the  35-inch  level  was  larger  than  the  total 
deflection  of  the  device  at  the  35-inch  level. 

Figure  39  shows  the  deflection- time  curve  for  Test  7*  In  this 
test,  the  device  was  designed  to  be  stiff  er  than  the  soil.  While  the 
pressure  on  the  surface  was  increasing,  the  pressure  container  broke. 
The  surface  pressure  reduced  to  zero.  A  new  diaphragm  was  installed 
and  the  pressure  increased  again  to  37-5  psi.  Time  was  measured  from 
the  second  pressure  initiation. 

An  important  point  to  note  is  that  the  deflection  of  the  base 
even  exceeded  that  of  the  soil  at  the  35-inch  level  until  high  sur¬ 
face  pressures  were  reached.  This  is  the  reason  why  the  arching 
curve  did  not  reflect  passive  arching  as  planned.  When  the  pressure 
on  the  device  is  increased,  then  the  base  of  the  device  must  deflect 
more  than  the  soil  around  it.  The  amount  of  pressure  which  is  ex¬ 
erted  on  the  device  will  determine  how  much  the  base  deflection 
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exceeds  that  of  the  soil  around  it.  Later  discussions  in  this  report 
will  point  out  that  factors  other  than  the  stiffness  of  the  structure 
are  important  in  determining  the  relative  stiffness  of  the  structure. 
The  type  of  footing  as  well  as  the  depth  and  stiffness  of  the  soil 
affected  underneath  the  structure  has  a  great  deal  to  do  with  the 
actual  loads  a  stiff  structure  experiences. 

Figure  40  shows  the  deflection- time  curves  for  Test  8.  Deflec¬ 
tion  gages  were  arrayed  at  5*5-»  8-,  and  l6-inch  radii  at  the 
35-inch  level.  Another  soil  gage  was  located  at  a  radius  of 
l6  inches  at  the  30-inch  level.  In  this  test  the  device  was  more 
flexible  than  the  soil  when  the  surface  pressure  reached  2k0  psi. 
Early  in  the  test,  the  base  of  the  device  and  the  gage  at  the 
5.5-inch  radius  indicated  that  the  device  was  acting  as  if  it  were 
stiffer  than  the  soil.  Since  the  device  stiffness  was  designed  to 
be  0.7  at  a  pressure  of  240  psi,  the  relative  stiffness  of  the  de¬ 
vice  does  change  as  the  surface  pressure  changes.  As  the  surface 
pressure  increased,  the  load  on  the  soil  near  the  device  increased. 
This  behavior  was  indicated  by  the  movement  of  the  deflection  gage 
at  a  radius  of  5*5  inches.  This  figure  also  shows  that  during  over¬ 
night  creep,  the  soil  at  5* 5-inch  radius  actually  deflected  below 
the  top  of  the  structure  because  of  this  increase  in  pressure.  The 
base  of  the  device  showed  a  decrease  in  its  rate  of  descent  as  the 
load  was  arched  off  of  the  device.  The  deflection  gage  at  a  radius 
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of  8  inches  also  indicates  that  this  region  was  experiencing  higher 
pressures  than  the  soil  at  the  l6-inch  radius. 

4.2.4  Soil  Profiles.  One  of  the  objectives  of  the  experimental 
program  was  to  determine  how  the  arching  mechanism  operates  within 
the  soil.  In  Chapter  2,  several  hypotheses  concerning  arching  were 
discussed:  Engesser,  Terzaghi  (1936b,  c),  Mason,  Selig  (i960,  1961), 
and  others.  Most  of  the  experimental  work  to  date  has  been  with 
sand.  Many  of  the  tests  involved  rather  large  deformations  such  as 
those  conducted  at  Illinois  Institute  of  Technology.  Depicting  de¬ 
formation  by  using  layered  sand  of  different  colors  is  a  formidable 
task  but  determining  deformation  patterns  in  clay  was  found  to  be 
even  more  difficult.  In  an  attempt  to  determine  these  deformation 
patterns,  three  approaches  were  used.  First,  careful  measurements 
were  made  of  the  exact  location  of  all  instrumentation,  the  test  de¬ 
vice,  and  the  soil  layers  as  they  were  installed  and  removed  from  the 
test  chamber.  In  some  tests,  roofing  nails  were  used  as  bench  marks 
on  the  various  soil  layers.  In  conjunction  with  these  static  measure¬ 
ments,  the  soil  deflection  gages  were  located  to  determine  the  move¬ 
ments  taking  place  during  the  tests.  Because  of  the  shortage  of  this 
type  of  instrumentation  and  the  interference  with  soil  compaction, 
the  gages  were  moved  as  required  during  the  testing  program.  These 
results  were  discussed  in  Section  4.2.3. 

The  second  approach  used  was  to  remove  the  soil  from  the  test 


chamber  in  blocks  or  layers  when  possible.  With  care,  it  was  possi¬ 
ble  to  remove  large,  relatively  undisturbed  blocks  of  soil  from  the 
specimen.  These  blocks  were  then  broken  to  expose  the  soil  structure 
within  them.  The  structure  was  carefully  studied  and  field  notes, 
sketches,  and  photographs  were  used  to  record  the  results.  In  many 
cases,  the  structural  changes  were  so  subtle  as  to  be  indistinguish¬ 
able  using  normal  photography.  Some  of  the  more  dramatic  photographs 
have  been  included  in  this  report.  Various  lighting  schemes  and 
photographic  papers  were  tried  without  notable  success. 

As  a  third  approach  to  the  study  of  the  soil  structure,  X-ray 
photography  was  suggested.  Dr.  E.  L.  Krinitzsky,  head  of  the  Geo¬ 
logic  Research  Section  at  the  Waterways  Experiment  Station,  has  per¬ 
fected  a  technique  for  using  radiographs  in  the  study  of  sediment 
structure.  Although  the  use  of  radiography  by  geologists  in  paleon¬ 
tology  studies  dates  from  1896,  its  use  in  the  study  of  sediments 
started  around  1962.  Haase  has  prepared  a  report  on  Dr.  Krinitzsky 's 
techniques . 

Radiography  has  been  used  previously  in  soil  mechanics  work. 

Most  of  the  work  has  centered  around  the  tracking  of  lead  pellets  em¬ 
bedded  in  sand  to  determine  displacements.  Recent  work  in  this  field 
has  been  reported  by  Davis  and  Woodward,  Bloedow,  and  Roscoe,  Arthur, 
and  James.  Berdan  and  Bernhard  reported  studies  they  made  on  density 
measurements  by  X-ray  techniques.  Baker  and  Janza  have  reported 


their  studies  to  determine  the  utility  of  flash  X-ray  techniques  in 
soil  dynamics  research. 

For  the  purposes  of  this  experimental  program,  a  series  of  undis¬ 
turbed,  block  soil  samples  were  taken  along  a  vertical  plane.  The 
plane  extended  from  the  soil  surface  to  a  point  6  inches  below  the 
test  device  and  from  the  opposite  edge  of  the  test  device  to  the  test 
chamber  wall.  The  soil  blocks  were  normally  4  inches  wide  by  6  inches 
deep  and  as  long  as  could  be  handled  without  damage.  From  these 
blocks  15 -mm  slabs  were  cut  with  piano  wire,  mounted,  waxed,  and  X- 
rayed.  The  negatives  were  mounted  in  mosaic  and  photographed.  Perry 
has  explained  the  techniques  in  detail. 

Full-size  radiographs  were  made  from  untested  soil  specimens. 
Three  specimens  were  used:  (a)  no  test  device,  (b)  flexible  test  de¬ 
vice,  and  (c)  stiff  test  device.  These  mosaics  were  compared  with 
those  taken  from  tested  soil  specimens.  These  radiographs  disclosed 
residual  deformation  patterns  and  density  changes.  Some  of  the  full- 
scale  mosaics  have  been  reduced  to  page  size  for  this  report  but  do 
net  disclose  the  density  deformation  patterns  clearly  enough  to  war¬ 
rant  inclusion  of  more  than  an  example.  The  deformation  patterns  are 
more  discernible  when  full-size  X-ray  negatives  are  examined  using  a 
light  table. 

The  only  significant  depression  in  the  soil  surface  appeared 
during  Test  1.  The  depression,  as  shown  in  Figure  4la,  was  generally 


circular  in  shape  and  approximately  0.375  inch  deep  at  the  center. 
Exact  dimensions  are  shown  in  Figure  42.  The  diameter  of  the  bottom 
of  the  depression  is  smaller  than  that  of  the  test  device  located 
2  inches  below  the  surface,  while  the  diameter  across  the  top  of  the 
steepest  part  of  the  slope  is  almost  exactly  6  inches.  The  slope  ta¬ 
pers  into  the  plane  soil  surface  at  about  an  8- inch  diameter.  The 
steepest  part  of  the  surface  seems  to  be  intersecting  the  surface  at 
about  a  30-degree  angle. 

The  radiograph  in  Figure  4lb  shows  that  a  hump  developed  outside 
the  depression.  The  figure  also  shows  that  there  was  a  definite 
change  in  the  slope  at  a  point  approximately  0.3  inch  inside  the  edge 
of  the  device.  The  steeper  slope  fell  within  a  6- inch  radius. 

Figure  4lb  also  shows  what  appears  to  be  deformation  lines  ra¬ 
diating  in  a  dome  shape  from  the  soil  above  the  device.  The  soil  be¬ 
side  the  device  at  the  35-inch  level  shows  the  change  in  density  and 
the  deformation  pattern  caused  by  the  high  loads  arched  onto  the  soil. 
It  is  of  interest  to  check  the  pressure  pattern  experienced  in  this 
area  as  shown  in  Figure  26a.  Figure  4lb  gives  the  appearance  of  an 
actual  arch  having  formed  over  the  device  and  abutted  on  the  soil  be¬ 
side  the  device.  The  pattern  caused  by  the  friction  between  the  soil 
and  the  side  of  the  device  is  clearly  visible  in  the  radiograph. 

Figure  42  is  a  composite  sketch  of  the  survey  information  re¬ 
corded  before  and  after  Test  1.  The  right  side  of  the  sketch  was 


taken  along  the  south  radial  and  the  left  side  along  the  west  radial. 

The  soil  pressure  and  soil  deflection  gages  are  included  in  order  to 
check  deformation  magnitudes.  The  deformation  patterns  shown  for  the 
30-  and  35-inch  layers  were  located  by  the  use  of  roofing  nails,  as 
previously  described. 

No  definite  shear  planes  were  located  by  any  of  the  techniques  used  . 
The  evidence  examined  indicates  that  shear  planes  might  have  developed 
as  hypothesized  in  Figure  42  had  sufficient  deformation  taken  place. 

Figure  43a  is  a  photograph  of  the  posttest  soil  surface  from 
Test  2.  After  approximately  7  hours  of  exposure  to  a  pressure  of 
37.5  psi,  there  was  no  depression  on  the  soil  surface.  The  surface 
pressure  was  raised  to  63  psi  for  20  minutes  and  the  depression 
shown  in  the  photograph  appeared.  The  cracking  on  the  surface  is 
the  result  of  drying.  The  white  powder  is  talc  which  was  used  on  the 
diaphragm.  Notice  the  seal  used  between  the  edge  of  the  soil  and  the 
test  chamber. 

The  dimensions  of  the  depression  are  more  visible  in  Figure  43b. 

The  inside,  flat  portion  of  the  depression  had  a  diameter  varying  be¬ 
tween  2  and  3  inches.  The  diameter  of  the  outside  extremity  of  the 
slope  varied  between  4-l/2  and  6-l/2  inches.  The  sketch  shows  the 
north-south  cross  section.  The  posttest  soil  surface  sloped  generally 
toward  the  depression  in  the  center.  The  deflection  of  the  gages  in¬ 
dicates  that  the  soil  at  the  35-inch  level  also  sloped  toward  the 
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center.  The  soil  in  the  iiunediate  vicinity  was  0.7  to  1.0  mm  lower 
than  the  test  device.  Soil  pressure  gage  S-13  deflected  the  same 
amount  as  the  depression  1  inch  above  it.  The  deflection  of  soil  de¬ 
flection  gage  D-l,  0.625  inch,  was  greater  than  the  deflection  at  the 
same  radius  at  the  35-inch  level  and  less  than  the  surface  deflection 
at  the  same  radius.  The  X-ray  technique  was  not  being  used  at  the 
time  of  Test  2.  No  clear  failure  surface  was  disclosed  in  the  visual 
investigation  of  the  soil. 

Figure  44  is  a  picture  of  the  radiograph  mosaic  constructed  for 
Test  3*  This  mosaic  was  full  size  and  examined  with  a  large  2-power 
magnifying  glass.  The  deformation  patterns  in  the  soil  beside  and 
under  the  device  are  particularly  noticeable  in  the  high-pressure 
areas,  Figure  27.  At  the  35-inch  level  strong  deformations  can  be 
seen  at  the  4-l/2-  and  10- inch  radii.  The  pattern  under  the  device 
appears  to  conform  with  classical  bearing  capacity  theory,  Terzaghi 
(1943).  In  addition,  deformations  were  noted  between  the  37-  and  38- 
inch  layers,  the  40-  and  4l-inch  layers,  the  42.5-  and  43.5-inch 
layers,  and  the  45*5-  and  47-inch  layers. 

The  friction  effects  between  the  test  chamber  and  the  soil  at 
the  38-inch  layer  and  between  the  test  device  and  the  soil  at  the 
32.5-inch  layer  are  clearly  visible  in  Figure  44.  Sometimes  it  was 
possible  to  locate  the  high-  and  low-pressure  regions  by  the  amount 
of  compression  between  the  layers.  There  is  a  rather  large  space  at 
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the  38-inch  level  directly  above  the  device.  This  soil  layer  is 
practically  indistinguishable  at  the  5-l/2-  and  6-l/2-inch  radius  at 
the  same  level.  Directly  above  the  device  the  soil  was  less  dense. 
This  can  be  seen  in  the  radiograph  and  appears  to  be  characteristic 
of  active  arching. 

Using  the  deformation  patterns  noted  in  the  radiograph,  the 
sketches  made  during  the  visual  inspection  of  the  soil,  and  the  sur¬ 
veyed  gage  and  roofing  nail  deflections,  the  diagram  in  Figure  45  was 
constructed.  A  definite  fold  pattern  was  noted  above  the  edges  of 
the  test  device  up  to  a  height  of  approximately  6  inches.  In  ad¬ 
dition,  the  domelike  formations  are  shown  at  heights  of  approximately 
3  and  6  inches.  At  heights  of  7  to  8  inches  above  the  device,  the 
inverted  dome  or  depression  is  shown.  While  examining  these  fig¬ 
ures,  it  should  be  remembered  that  during  Test  3  the  top  of  the  de¬ 
vice  was  cycled,  i.e.  lowered,  raised,  and  lowered.  Thus,  two  dif¬ 
ferent  arching  phenomena  are  involved  in  the  soil  deformation 
patterns . 

Test  4  had  to  be  conducted  twice.  During  the  first  test,  a  leak 
developed  in  the  pressurization  system  and  the  full  test  could  not  be 
performed.  The  top  was  not  cycled,  only  lowered.  Figure  46a  is  a 
photograph  of  the  depression  and  shear  pattern  found  at  the  38-inch 
layer,  3  inches  above  the  test  device.  Figure  46b  is  a  profile  of 
the  depression.  The  outside  crack  pattern  had  a  diameter  of 
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approximately  8  inches.  The  inside  crack  pattern  had  a  diameter  of 
approximately  6  inches .  The  more  or  less  flat  bottom  had  a  diameter 
of  3  inches.  The  soil  surface  at  the  4l-inch  level  was  plane  and 
showed  no  signs  of  the  crack  pattern. 

The  second  time  Test  4  was  conducted,  the  top  of  the  device  was 
cycled,  i.e.  it  was  lowered,  raised,  and  then  lowered  again.  Figure 
47a  is  a  picture  of  the  hump  or  arch  that  appeared  at  the  38-inch 
level  above  the  device.  Note  how  easily  the  soil  separated  over  the 
hump.  The  soil  over  and  outside  the  hump  had  a  slick,  shiny 
appearance. 

Figure  47b  is  a  sketch  of  the  hump  and  other  soil  deformations 
as  recorded  by  the  gages  or  the  profiles.  The  top  of  the  hump  was 
at  the  38- inch  layer,  so  the  hump  itself  was  within  the  35-  to  38- 
inch  layer.  This  was  a  homogeneous  layer  of  soil  completely  placed 
at  one  time.  Consequently,  no  horizontal  compaction  planes  intersect 
the  hump.  The  top  of  the  38-inch  soil  layer  can  be  seen  as  a  step  at 
the  right  side  of  Figure  47a.  The  hump  itself  was  approximately 
1  inch  high  and  9  inches  in  diameter  at  the  base.  The  deformations 
recorded  by  D-l  and  S-13  confirmed  the  profiles  as  measured. 

It  is  interesting  to  note  that  S-ll  at  a  radius  of  4-l/2  inches 
did  not  deflect  as  much  as  S-10  at  5-l/2-inch  radius.  Figure  27c 
shows  the  pressure  profile  and  confirms  that  there  was  a  higher  pres¬ 
sure  at  the  5-l/2-  to  6-inch  radii.  The  test  device  itself  was 
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depressed  considerably  more  than  the  soil  surface  at  the  35-inch 
level.  The  soil  under  the  device  deflected  approximately  O.69  inch, 
while  the  soil  at  the  30-inch  level  and  at  a  radius  of  10  inches  also 
deflected  0.69  inch.  There  is  a  faint  indication  of  a  hump  on  the 
soil  surface  in  the  profile,  Figure  47b.  The  edges  of  this  hump  have 
been  connected  to  the  edges  of  the  test  device.  These  connection 
lines  pass  through  the  edges  of  the  37-  to  38-inch  hump. 

Test  5  was  principally  a  passive  test.  The  initial  movement  of 
the  top  of  the  device  was  up.  In  Figure  48a,  the  soil  surface  is 
shown.  A  small  hump  can  be  seen  on  this  surface.  The  raised  portion 
was  approximately  0.19  inch  high.  A  profile  of  the  raised  surface  is 
shown  in  Figure  49. 

Figure  48b  is  a  picture  of  the  dome  that  formed  over  the  test 
device.  The  structure  and  density  of  the  material  in  this  dome  were 
different  from  those  of  the  material  around  it.  Notice  how  the  soil 
seems  to  be  stratified  and  bent  around  the  dome.  The  two  pieces  of 
soil  broke  apart  just  as  they  are  shown  in  Figure  48b.  A  profile  of 
the  arch  or  dome  is  shown  in  Figure  49. 

The  layer  of  soil  shewn  in  Figure  50a  broke  away  from  the  35-  to 
38-inch  layer  of  Test  6.  This  plug  of  soil  was  directly  above  the 
test  device.  Well-defined  planes  rising  at  approximately  45  degrees 
can  be  seen  in  the  right-hand  portion.  The  edges  of  the  test  device 
were  approximately  as  shown  by  the  arrows.  The  plug  of  soil  in 
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Figure  50b  also  came  from  the  35-  to  38-inch  layer  but  between  the 
6-  and.  lU-inch  radii.  The  soil  broke  out  as  shown. 

This  study  of  the  soil  deformations  indicates  that  there  are 
definite  patterns  associated  with  the  arching  phenomenon.  The  pat¬ 
terns  appear  tu  be  considerably  different  in  the  active  and  passive 
cases.  These  patterns  are  discussed  in  detail  in  Chapter  5 • 

4.3  DYNAMIC  TESTS 

4.3.1  General  ■  Tests  11  through  28  are  termed  dynamic  tests 
since  pressure  was  applied  to  the  soil  surface  generally  in  much  less 
than  a  millisecond  by  the  use  of  high  explosives.  Depending  on  the 
pressure  desired,  the  peak  was  normally  reached  in  less  than  1  to  3 
msec.  The  wave  form  can  be  approximated  by  a  step  pulse. 

Tests  11  through  14  were  designed  to  measure  the  effects  of  sur¬ 
face  pressure  on  arching  when  the  depth  of  burial  and  the  relative 
flexibility  of  the  device  were  held  constant.  After  examining  all 
the  available  data  concerning  the  constrained  modulus  of  clay,  it 
was  found  that  the  information  required  to  plan  the  stiffness  of  the 
test  device  at  the  selected  water  content  and  pressure  level  was  not 
available.  The  preliminary  dynamic  test  program,  explained  in  Appen¬ 
dix  A,  was  conducted  to  determine  soil  stiffness,  as  well  as  to 
establish  limiting  values  for  the  parameters  to  be  measured.  Based 
on  the  preliminary  tests,  the  constrained  modulus  values  shown  in 
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Table  3  were  used  to  design  the  springs  of  the  test  device.  A  very- 
slight  variation  in  water  content  and/or  surface  pressure  made  a 
large  difference  in  the  constrained  modulus  of  the  soil. 

Tests  11,  15,  l6,  and  18  were  designed  to  investigate  the  ef¬ 
fects  of  depth  of  burial  of  the  structure  on  arching.  In  Tests  11, 

15,  and  l6,  surface  pressure  and  relative  stiffness  were  held  as 
close  to  constant  as  possible.  Test  18  was  designed  to  give  an  in¬ 
dication  of  the  effects  of  pressure  in  the  determination  of  the 
depth  at  which  arching  behavior  indicated  the  structure  was  fully 
buried. 

Test  17  was  a  repeat  test  on  the  Test  11  specimen  using  a 
slightly  higher  surface  pressure.  This  test  was  designed  to  deter¬ 
mine  the  effects  of  repeated  low  pressure  shocks  on  arching. 

Test  19  was  designed  to  determine  primarily  the  maximum  shear 
strength  of  the  clay  that  could  be  mobilized  in  the  arching  mechanism. 
I  was  also  used  to  study  the  effects  of  depth  of  burial  in  conjunc¬ 
tion  with  Test  13. 

Tests  20  through  28  were  used  to  investigate  the  effects  of 
structural  stiffness  on  arching.  In  addition,  these  tests  were  de¬ 
signed  to  determine  if  it  is  possible  to  take  advantage  of  active 
arching  by  varying  the  structural  stiffness  within  a  practical  range. 
The  extent  to  which  passive  arching  increases  the  load  a  structure 
experiences  was  also  studied. 
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In  the  following  sections  the  pressures,  deflections,  and  ac¬ 
celerations  measured  in  the  soil  specimen  and  the  structures  as  well 
as  the  observed  soil  profiles  will  be  presented  and  discussed. 

4.3.2  Arching  Curves.  Table  6  is  a  summary  of  the  arching  data 
measured  and  the  calculations  made  for  each  dynamic  test.  Detailed 
data  are  not  presented  for  Test  28  because  of  the  measurement  dif¬ 
ficulties  experienced  and  previously  explained.  The  data  were  se¬ 
lected  for  times  corresponding  to  specific  critical  points  within  the 
test,  such  as  arrival  of  peak  stress,  peak  acceleration  or  peak  de¬ 
flection,  as  well  as  those  points  necessary  to  give  a  continuous  pic¬ 
ture  of  what  was  occurring  between  the  structure  and  the  soil.  All 
times  are  measured  from  the  so-'’  1 '  ed  "0  time";  i.e.,  the  time  at 
which  the  explosion  in  the  bonnet  broke  the  timing  wire.  The  sur¬ 
face  pressure  is  used  as  a  measure  of  the  arching  since  it  was  the 
most  reliable  pressure  measurement  available. 

The  soil  pressure  given  is  that  measured  in  the  so-called  "free 
field."  The  gages  used  for  the  measurement  were  normally  located  at 
a  radius  of  10  to  1 6  inches  from  the  centerline  of  the  test  chamber. 
The  selection  of  the  radius  used  was  based  on  a  study  of  the  pressure 
profiles  given  in  the  next  section  of  this  report. 

Deflections  in  the  free  field,  Dg  ,  were  measured  by  the  deflec¬ 
tion  of  a  disk  buried  at  the  same  depth  as  the  top  of  the  test  device 
and  located  from  14  to  l6  inches  from  the  centerline  of  the  test 
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chamber.  Normally  this  distance  was  found  to  be  outside  the  influ¬ 
ence  of  the  arching  around  the  test  device  and  inside  the  effects  of 
the  sidewall  friction. 

In  the  next  three  columns  of  Table  6,  the  deflection  of  the  base 
of  the  device  with  reference  to  the  fixed  base  of  the  test  chamber 
( d^ ) ,  the  deflection  of  the  top  of  the  device  with  reference  to  its 
base  (d^),  and  the  deflection  of  the  top  of  the  device  with  reference 
to  the  fixed  base  (or  total  deflection  of  device,  D^)  are  presented. 
In  the  next  column,  AD  is  the  relative  deflection  of  the  top  of  the 
device  with  reference  to  the  so-called  free  field  at  the  same  depth 
of  burial.  The  values  of  the  soil  and  the  total  structural  deflec¬ 
tion  at  the  35-inch  level  were  used  to  calculate  AD  . 

AD  cannot  be  used  without  some  reservations.  As  will  be  shown 
in  the  following  sections,  what  was  thought  to  be  an  undisturbed  re¬ 
gion  was  not  always  completely  undisturbed.  Depending  upon  the  over¬ 
pressure,  depth  of  burial  and  flexibility  of  the  structure,  and  the 
reduction  in  sidewall  friction,  there  may  have  been  no  completely 
undisturbed  area  within  the  SBLG  for  some  of  the  tests.  In  addition, 
the  pressure  distribution  at  any  level  including  the  surface  was  not 
always  uniform,  nor  was  the  soil  specimen  perfectly  homogeneous  in 
spite  of  the  precautions  used.  A  more  complete  discussion  of  the 
distribution  of  soil  deflections  is  contained  in  Section  4.3.4. 

The  forces  shown  in  Table  6  as  acting  on  the  top  of  the  test 


device  were  calculated  using  the  equation  of  motion: 


C(t)  CX(t) 


C(t)  =  *(t) 


(10) 


where  m  is  the  mass  of  the  top  of  the  device  plus  a  percentage  of 

the  springs,  as  explained  in  Section  3*2.2;  c  is  the  coefficient  of 

damping;  k  is  the  spring  constant  of  the  test  device,  m  ,  k  ,  and 

c  vary  with  each  test  device  configuration.  x(-t)  absolute 

acceleration  of  the  top  of  the  device  measured  at  a  specific  time,  t 

x^^  is  the  velocity  of  the  top  of  the  test  device  with  reference  to 

the  base  of  the  test  device  at  time,  t  .  is  the  deflection  of 

the  top  of  the  test  device  relative  to  its  base  at  time,  t  . 

is  the  force  acting  on  the  top  of  the  test  device  at  time,  t  .  The 

values  given  in  Table  6  are  in  terms  of  force  per  unit  area  acting  on 

the  top  of  the  test  device.  PT  corresponds  to  divided  by 

2 

28.26  in  ,  the  area  of  the  top  of  the  device. 

AP  is  the  difference  between  the  pressure  exerted  on  the  sur¬ 
face  of  the  soil  specimen  and  that  exerted  on  the  top  of  the  device. 
This  value  is  used  as  a  measure  of  the  amount  of  soil  arching  that 
existed.  There  are  some  inherent  inaccuracies  involved  in  this  value 
but  it  is  believed  to  be  the  most  accurate  possible  representation, 
considering  the  inherent  inaccuracies  in  measuring  the  actual  free- 
field  pressure.  As  can  be  seen,  two  major  inaccuracies  exist;  one, 
the  force  lost  to  the  sidewall  friction  of  the  test  chamber,  and  two, 


the  fact  that  the  transmission  of  the  surface  pressure,  initiation  or 
peak,  is  not  instantaneous.  There  was  considerable  time  lag  between 
the  time  of  peak  surface  pressure  and  the  arrival  of  the  peak  at  the 
level  of  the  top  of  the  device,  depending  on  the  depth  of  burial  and 
the  peak  overpressure.  This  problem  will  be  discussed  further  in 
Section  4.3.6. 

The  last  four  columns  of  Table  6  are  the  dimensionless  param¬ 
eters  -which  were  used  to  plot  the  arching  phenomenon.  The  first  of 

PAP 

these  four  contains  the  term  -  which  is  the  differential  pressure 

<*u 

divided  by  one-half  the  average  unconfined  compressive  strength  of 
the  soil  above  the  test  device.  These  strengths  were  obtained  as  ex¬ 
plained  in  Appendix  A.  Saturated  buckshot  clay  when  loaded  rapidly 
allows  little  drainage  to  occur  and  behaves  as  if  ft  =  0  .  This  is 
discussed  in  more  detail  in  Appendix  A.  Under  the  conditions  speci¬ 
fied,  the  shear  strength  of  the  material  at  failure  is  approximately 
equal  to  the  cohesion.  As  explained  in  Peck,  Hanson,  and  Thornburn, 
the  unconfined  compressive  strength,  ,  can  be  related  to  the  co¬ 
hesion  by  the  following  formula, 


Therefore,  the  shear  strength  is  equal  to  —  .  If  the  pressure  on 
the  soil  surface  and  the  relative  deflection  of  the  structure  are 


sufficient,  a  failure  condition  will  be  created  in  the  soil  above  the 
device  and  the  differential  pressure  should  be  related  to  the  ulti¬ 
mate  shear  strength  of  the  soil.  This  concept  will  be  discussed  in 
more  detail  in  Chapter  5  • 

If,  on  the  other  hand,  the  deformations  are  not  sufficient  or 
if  the  surface  pressure  is  not  high  enough,  then  the  differential 
pressure  is  related  to  some  percentage  of  the  ultimate  shear  strength, 


depending  on  the  amount  of  deformation  and  the  height  of  soil  in¬ 
volved.  When  this  condition  occurs,  P^/Pg  may  be  a  better  parameter 
to  use  in  correlating  test  results. 

Two  dimensionless  deflections  are  shown,  Ad/B  X  1,000  and 
Dt/b  X  100  .  The  first  is  a  measure  of  total  deflection  of  the  top 
of  the  device  relative  to  the  deflection  of  the  free-field  soil  at 


the  same  level.  This  deflection  has  been  scaled  by  the  diameter  of 
the  top  of  the  test  device,  B  .  The  validity  of  this  scaling  is  dis¬ 
cussed  in  the  arching  study  by  McNulty.  The  problems  inherent  in  us¬ 
ing  this  parameter  were  discussed  earlier  in  this  section. 

The  second  parameter  is  the  total  deflection  of  the  top  of  the 
device  scaled  by  the  diameter  of  the  top.  This  parameter  is  a  more 
accurate  deflection  measurement  but  may  not  be  directly  related  to 
arching  since  it  is  the  differential  deflection  of  the  structure  with 
respect  to  the  soil  which  is  required  to  develop  a  relative  movement 
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within  the  soil.  The  question  is  "where  does  this  differential  move¬ 
ment  take  place?" 

The  load,  as  determined  by  any  arching  action,  which  acts  on  the 
top  of  the  structure  for  a  sufficient  length  of  time  to  be  important 
in  design  must  be  related  to  the  total  movement  of  the  top,  base  plus 
the  top  relative  to  the  base,  and  not  just  to  its  instantaneous  move¬ 
ment  relative  to  the  base.  Of  course  the  length  of  the  force  pulse 
and  the  type  of  structure  also  must  be  considered.  Arching  curves 
drawn  using  the  relative  deflection  of  the  top  are  very  similar  in 
shape  to  those  drawn  using  scaled  total  deflection  of  the  top. 

The  remainder  of  this  section  will  be  devoted  to  a  discussion 
of  the  arching  curves  for  each  test.  The  arching  curves  and  the 
accompanying  data  in  Table  6  constitute  an  overall  summary  of  what 
seemed  to  be  the  important  results  from  a  particular  test.  All  the 
points  listed  in  Table  6  have  not  been  plotted  in  order  to  save  space 
and  to  prevent  an  erroneous  impression  being  formed  from  the  very 
early  and  late  data.  At  the  earlier  test  times,  the  high  differen¬ 
tial  pressures  were  the  result  of  the  use  of  surface  pressure  in 
these  calculations.  At  this  time,  the  buildup  in  soil  pressure  at 
the  level  of  the  device  was  normally  lagging  by  several  milliseconds. 
In  addition,  at  these  early  times,  much  of  the  driving  force  was  dis¬ 
sipated  in  overcoming  the  inertia  of  the  soil  above  the  device.  The 
inertia  of  the  device  has  been  included  in  the  calculations  for  the 
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force  on  its  top  and  does  not  contribute  to  the  lag. 

Later  data  points,  especially  those  marked  by  ail  asterisk  in 
Table  6,  are  affected  by  at  least  two  phenomena.  First,  the  pressure 
on  the  surface  was  decreasing  at  a  faster  rate  than  that  in  the  soil. 
Second,  noticeable  reflections  from  the  base  of  the  test  chamber 
tended  to  drive  the  base  of  the  test  device  up  and  increase  the  soil 
pressures . 

At  the  later  times,  it  can  be  seen  that  most  active  arching 
tests  take  on  the  appearance  of  a  passive  arching  condition.  In  ad¬ 
dition  to  the  more  rapid  decay  of  the  surface  pressure,  the  device 
which  had  been  depressed  to  a  maximum  was  trying  to  expand  and  unload. 
The  compressed  soil  above  the  device  was  resisting  this  motion  and 
thus  causing  a  condition  in  which  the  top  of  the  device  was  actually 
loading  or  punching  into  the  soil;  thus  a  passive  arching  condition 
existed.  From  a  design  point  of  view,  this  does  not  appear  to  be  im¬ 
portant,  since  the  loads  are  less  than  those  already  experienced  by 
the  structure.  This  phenomenon  could  become  important  in  the  case  of 
multiple  hits  or  reflection  from  lower  strata  occurring  before  the 
structure  has  a  chance  to  rebound  or  unload. 

In  Test  11,  the  structure  was  0.7  times  as  stiff  as  the  soil  and 
was  buried  1.8  inches  below  the  surface.  The  design  surface  pressure 
was  37 '0  psi.  Figure  51a  is  a  plot  of  the  arching  curve  for  Test  11. 
The  first  point  plotted  was  at  6  msec .  The  peak  soil  pressure 
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arrived  at  the  35-inch  level  at  approximately  12  msec.  At  13  msec 
the  arching  curves  turn  horizontal.  The  curves  continue  in  the  hori¬ 
zontal  direction  until  approximately  15  msec.  The  maximum  differen¬ 
tial  deflection  and  the  maximum  deflection  of  the  top  of  the  device 
occurred  at  these  times.  The  reflections  from  the  base  appeared  to 
arrive  at  the  30-inch  level  at  13-5  msec  and  at  the  35-inch  level  at 
15  msec,  Figures  C2  and  C3,  Appendix  C.  The  effects  of  the  reflec¬ 
tions  also  can  be  seen  in  Figure  51a* 

The  time  between  13  and  15  msec  was  selected  as  the  worse  con¬ 
dition  to  which  the  structure  was  subjected  although  the  differential 
pressures  were  lower  at  times  17  and  20  msec.  These  seem  to  be  the 
result  of  the  reflections  and  the  decrease  in  the  surface  pressure. 
From  a  design  standpoint,  it  would  seem  that  the  minimum  differential 
pressure  which  should  be  considered  is  the  9-5  psi  which  occurred 
between  times  13  and  15  msec.  The  maximum  load  on  the  device, 

26.3  psi,  occurred  at  13  msec.  This  should  be  the  design  load. 

At  50  msec,  the  surface  was  actually  unloading  faster  than  the 
structure.  After  50  msec,  the  top  was  loading  the  soil  and  a  passive 
condition  existed.  The  appearance  of  this  curve  indicates  that  the 
soil  above  the  device  did  not  fail  completely,  but  that  the  maximum 
load  experienced  depended  on  the  surface  pressure  and  the  develop¬ 
ment  of  something  less  than  the  full  shear  strength  of  the  soil. 

The  structure  used  in  Test  12  was  similar  to  that  used  in 
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Test  11.  The  device  was  buried  at  the  same  depth,  18  inches,  but  was 
subjected  to  a  surface  pressure  of  70  psi.  In  the  arching  curves  for 
this  test,  Figure  51b,  the  effects  of  the  buildup  in  pressure  at  the 
level  of  the  device  and  the  inertia  of  the  soil  above  the  device  can 
be  seen.  This  type  of  action  was  typical  for  most  of  the  tests  at 
P  £  70  psi  ,  but  the  early  points  have  been  omitted  from  many  of  the 

O 

figures  to  simplify  the  curves.  In  Test  12,  almost  all  the  points 
have  been  plotted  as  an  example. 

The  dynamic  arching  curves  appear  to  be  upside  down  when  com¬ 
pared  with  the  static  arching  curves.  In  the  dynamic  curve,  the  se¬ 
quence  of  action  and  travel  times  were  significant.  As  the  pressure 
at  the  level  of  the  test  device  rose  and  the  force  on  the  surface 
was  able  to  overcome  the  inertia  of  the  soil,  the  plot  of  differen¬ 
tial  pressure  versus  the  scaled  deflection  rose  from  some  value  in 
excess  of  -5  as  determined  by  the  surface  pressure.  At  10  msec,  the 
curve  turned  horizontal.  This  is  an  indication  of  the  relatively 
long-term  load  of  55  to  57  psi  which  this  structure  experienced.  The 
load  on  the  structure  remained  practically  constant  from  approxi¬ 
mately  10  msec  to  18  msec.  The  differential  pressure  ranged  from 
11  to  13*5  psi  in  relation  to  the  surface  pressure,  and  6.5  to 
12.5  psi  in  relation  to  the  soil  pressure  at  the  35-inch  level.  The 
maximum  load  on  the  structure  occurred  at  12  msec .  This  was  the 
critical  load.  It  is  not  only  a  maximum,  but  it  is  also  the 
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approximate  load  which  the  structures  experienced  for  some  period  of 
time.  Active  arching  did  exist  in  this  test.  The  minimum  differen¬ 
tial  pressure  of  11  psi  experienced  indicates  that  arching  was  not 
fully  developed. 

At  time  18  msec  the  deflection  seemed  to  be  affected  by  the  re¬ 
flections  driving  the  base.  Inspection  of  the  oscillograph  records 
in  Appendix  C,  Figures  C-6  and  C-7S  shows  that  the  reflections  ap¬ 
peared  to  arrive  at  the  30"inch  level  just  before  the  l8-msec  timing 
line  and  at  the  35-inch  level  just  after  18  msec.  There  may  have 
been  earlier  reflections  but  they  do  not  seem  to  have  been  of  suf¬ 
ficient  strength  to  affect  the  results.  The  arching  curves  in  Figure 
51b  also  show  strong  reflection  effects  at  18  msec.  The  data  in 
Table  6  for  Test  12  show  that  the  maximum  overall  deflection  of  the 
soil  and  structure  did  not  occur  until  after  the  arrival  of  the  re¬ 
flections.  The  effects  of  the  reflections  appear  to  be  rather  strong 
at  2h  msec.  The  oscillograph  records  in  Appendix  C  confirm  this 
conclusion. 

The  sharp  upturn  in  the  arching  curve  and  its  excursion  on  the 
passive  side  is  caused  by  the  conditions  previously  discussed  for 
Test  11.  By  time  100  msec  the  structure  was  loading  the  soil  above 
it.  The  final  position  or  that  position  which  was  measured  at  the 
end  of  the  test  was  very  near  the  starting  position  of  the  structure. 
The  appearance  of  this  curve  is  such  as  to  indicate  that  the  soil 
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mif’ht  have  exporicncod  a  complete  failure  condition,  but  the  differ¬ 
ential  pressure  wao  not  eufficiently  high.  The  differential  pressure 
is  a  reflection  of  the  amount  of  load  that  this  differential  doflcc- 
tion  will  develop  at  70-psi  surface  pressure  and  an  16-inch  depth  of 
burial. 

In  Test  13  the  flexible  device  was  again  burled  16  inches  below 
the  soil  surface  but  was  subjected  to  151-psi  surface  pressure.  The 
minimum  differential  pressure  of  32  psi  occurred  between  12.5  end 
13.5  msec,  Table  6.  The  maximum  load  on  the  device  at  this  time  was 
approximately  106  psi.  This  appears  to  be  the  design  load.  The  con¬ 
siderable  diminution  of  the  surface  load  indicates  that  active  arch¬ 
ing  did  occur  under  dynamic  conditions.  Upon  cosparing  the  soil  pres¬ 
sures  at  the  35-lnch  level  and  the  pressure  acting  on  the  test  device 
between  7  and  13.5  msec,  it  can  be  seen  that  the  decrease  in  the  pres¬ 
sure  on  the  device  ranged  between  40  and  50  psi. 

The  maximum  deflection  of  the  top  relative  to  the  base  of  the 
device  occurred  at  13.5  msec.  The  total  deflection  continued  to  in¬ 
crease  until  50  msec.  This  was  caused  by  the  continued  deflection  of 
the  device  base.  In  spite  of  the  strong  reflections  which  became  ap¬ 
preciable  prior  to  15  msec,  the  base  of  the  device  continued  to  re¬ 
spond  to  the  initial  impact  from  the  surface,  Figures  C-10,  C-ll,  and 
012,  Appendix  C. 

Note  the  size  of  the  inertia  terms  early  in  the  test.  This 
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cffoct  ran  be  noon  aloo  in  the  arching  curves,  Figure  52a.  The 
curves  flutton  out  at  the  critical  time*  and  break  charply  as  the  re¬ 
flected  prccoureo  affect  the  structure  response. 

Tret  lb  consisted  of  a  device  0.7  a*  stiff  as  the  coil,  buried 
ut  a  depth  of  18  inches  and  subjected  to  a  surface  pressure  of 
2b5  psi.  fcveral  difficulties  were  encountered  in  trying  to  record 
and  analyze  the  data  from  this  test:  first,  the  accelerometers  in 
the  top  of  the  device  did  not  function;  secondly,  the  reflections 
were  very  strong  and  may  have  started  affecting  the  results  os  early 
as  the  9-n»ec  mark,  Figures  C-lb,  C-15,  C-l<$,  and  C-17,  Appendix  C.  ii 

was  not  possible  to  correctly  calculate  the  damping  and  inertia  tens* 

In  the  equation  of  motion  without  the  accelerations,  Table  i.  Using  a 
Fourier  spectral  analysis  of  the  structure  and  soil  acceleration 
records  for  Test  13,  it  was  found  that  the  transfer  function  between 
the  soil  and  the  top  of  the  structure  was  approximately  2  for  peak 
accelerations  and  approximately  1.5  for  peak  velocities.  Using  this 
information  and  the  acceleration  record  for  the  coil  at  the  35-inch 
level,  it  was  possible  to  estimate  the  accelerations  and  velocities 
for  the  top  of  the  device  in  Test  lb.  Ar  can  be  seen  from  the  record 
for  soil  accelerometer  b  in  Figure  C-17,  Appendix  C,  the  damping  and 
inertia  terms  were  probably  not  too  significant  at  9 ,  10,  and  11  msec. 
They  probably  had  significant  values  at  b,  5,  6,  12,  and  13  msec. 

The  arching  in  Figure  52b  indicates  that  the  critical  time 
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prior  bo  the  strong  reflectiona  was  between  10  and  12  msec.  'Hie 
maximum  deflection  of  the  top  occurred  at  12  msoc,  but  the  arching 
curve  indicates  that  the  reflections  may  have  had  appreciable  ef¬ 
fects  by  this  time.  As  previously  noted ,  the  actual  soil  pressure 
records  show  some  reflection  as  earlv  as  9  nuec .  The  maximum  dif¬ 
ferential  deflection  occurred  at  11  msec.  The  first  peak  pressure 
arrived  at  the  35-inch  level  at  approximately  7  msec  and  definite 
signs  of  the  reflection  can  be  seen  at  the  35-inch  level  at  12  msec 
(column  2  of  Table  6). 

Disregarding  the  reflections,  Inertia,  and  damping  os  explained 
in  the  previous  paragraph,  it  would  appear  that  the  design  load  was 
approximately  190  psi  between  9  to  10  msec.  The  minimum  differential 
pressure  is  between  35  and  60  psi  considering  the  surface  pressure, 
and  20  to  U5  psi  considering  the  soil  pressure  at  the  35-inch  level. 
Even  without  the  acceleration  and  velocity  terms  the  results  appear 
to  be  consistent  with  those  found  in  Test  13. 

Test  15  was  made  with  a  device  0.7  as  stiff  as  the  soil.  It  was 
burled  2  inches  below  the  soil  surface  and  subjected  to  a  peak  sur¬ 
face  pressure  of  39  psi.  The  load  on  the  device  was  practically  con¬ 
stant  between  5  and  16  msec,  Figure  53a*  The  differential  pressure 
was  approximately  6  psi  in  comparison  to  the  surface  pressure.  The 
deflection  of  the  top  of  the  device  was  fairly  constant  throughout 
the  critical  portion  of  the  test,  but  the  maximum  deflection  of  the 
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baoo  did  not  occur  until  20  msec.  The  magnitude  of  the  b&ae  deflec¬ 
tion  wee  oufficicnt  to  cause  the  maximum  total  and  differential  de¬ 
fections  to  occur  at  20  msec. 

Because  of  the  nearness  of  the  surface,  dynamic  amplification  of 
the  load  on  the  structure  was  involved  and  is  discussed  in  detail  in 
n  later  section  of  this  chapter. 

Inspection  of  the  deflection  and  acceleration  records  in  Fig¬ 
ures  C-20  and  C-21,  Appendix  C,  did  not  disclose  any  significant 
vibration  of  the  top.  The  system  appears  to  be  very  close  to  a 
critically  damped  one.  One  interesting  observation  in  several  of  the 
dynamic  tests  was  the  fact  that  early  in  the  test  as  the  coil  pres¬ 
sure  was  fairly  low  and  the  inertia  term  was  large  the  pressure  on 
the  top  of  the  device  was  practically  equal  to  that  on  the  soil  at 
the  some  level.  In  this  test  at  1  msec,  PT  was  18.2  psi  versus  a 
P  cf  17  *  2  pci  in  the  soil.  This  is  probably  due  to  the  time  it 
took  the  device  to  react  and  the  fact  that  the  relative  stiffness 
changed  with  pressure.  The  oscillograph  records  in  Figures  C-l8  and 
C-19,  Appendix  C,  indie  te  that  noticeable  reflections  arrived  at 
the  level  of  the  device  base  at  13  to  lk  msec,  and  at  the  level  of 
the  top  of  the  device  at  16  msec. 

Test  16  was  performed  with  the  same  device  as  that  used  in 
Tests  li  and  15 .  The  depth  of  burial  of  the  top  of  the  device  was 
6  inches.  The  maximum  surface  pressure  was  37. 5  psi.  The  maximum 
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soil  pressure  arrived  at  the  35*inch  level  at  lU  msec,  but  the  soil 
pressure  at  this  level  was  fairly  constant  betvoen  5  cuid  20  msec. 

The  maximum  soil  deflection  did  not  occur  until  50  msec.  The  maximum 
deflection  of  the  structure  base  occurred  at  18  msec.  The  deflection 
of  the  top  of  the  device  was  fairly  constant  between  8  and  10  msec. 

The  maximum  differential  deflection  occurred  at  10  msec  with  a 
second  maximum  occurring  at  18  msec. 

The  critical  phase  of  Test  16  occurred  between  6  and  lU  msec, 
Figure  53b.  At  approximately  lU  msec  the  first  major  reflections 
were  apparent  at  the  30-inch  level,  Figure  C-22.  The  strong  reflec¬ 
tions  began  at  the  35-inch  level  at  about  15  msec.  The  arching  curve 
indicates  that  some  reflection  effects  may  have  been  experienced  as 
early  as  10  msec.  The  maximum  average  pressure  experienced  by  the 
top  of  the  structure  before  strong  reflections  was  about  25  psi.  The 
differential  pressure  with  reference  to  the  surface  pressure  ranged 
from  10.5  to  12.5  psi.  The  arching  curve  indicates  that  fully  de¬ 
veloped  arching  conditions  probably  did  not  exist  during  this  test. 

The  ?r-  curve  in  Figure  53b  will  be  explained  in  Chapter  5. 

This  curve  depicts  the  change  in  relative  stiffhess  as  the  soil  pres¬ 
sure  changed  and  the  effect  of  this  change  on  the  arching  curve. 

This  change  ties  in  with  the  explanation  of  the  observed  soil  and 
structural  pressures  early  in  Test  15. 

Test  17  was  a  repeat  test  on  the  same  soil  specimen  and  test 
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dovicc  &o  that  used  in  Teat  11.  A  slightly  higher  surface  pressure! 
ho. 5  psi,  was  used.  This  test  was  designed  to  check  the  effects  of 
repeated  shocks,  fhe  results  are  compared  with  Test  11  and  the  other 
tests  in  the  pressure  versur;  depth  series  in  Chapter  5- 

In  Test  17,  the  peak  pressure  wave  arrived  at  the  35-inch  level 
between  8  and  12  msec,  Table  6,  but  the  deflection  of  the  soil  and 
the  base  of  the  device  peaked  at  17  msec.  The  top  of  the  device 
maintained  a  fairly  constant  deflection  between  10  and  20  msec.  The 
maximum  differential  deflection  at  the  35-inch  level  occurred  between 
12  and  lh  msec. 

The  arching  curves  for  Test  17  in  Figure  5ha  indicate  that  the 
critical  time  before  the  strong  reflections  occurred  between  8  and 
lh  msec.  Inspection  of  the  oscillograph  records,  Figures  C-26  and 
C-27,  Appendix  C,  chowG  that  the  reflections  became  noticeable  at  the 
30-inch  level  between  12  and  lh  msec  and  at  the  35-inch  level  at 
lh  msec. 

The  maximum  average  pressure  on  the  top  of  the  device  ranged  be¬ 
tween  27.5  and  28.5  psi  with  the  maximum  occurring  at  8  msec.  The 
differential  pressure  with  reference  to  the  surface  ranged  between 

11.5  and  I3.0  psi.  With  reference  to  the  measured  soil  pressure  at 
the  35-inch  level,  the  differential  pressure  ranged  between  10  and 

15.5  psi. 

Again  it  is  interesting  to  note  how  closely  the  soil  and 
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structure  pressures  compare  early  in  the  test.,  2-  to  5-msec  range. 
This  typo  of  information  should  be  an  important,  consideration  for 
the  designer  who  desires  to  take  advantage  of  arching. 

In  Test  18,  the  top  of  the  device  was  buried  42  inches  below  the 
surface,  the  deepest  in  the  test  program.  The  device  was  subjected 
to  the  highest,  pressure  used  in  the  test  program,  310  psi.  The  ex¬ 
periment  was  designed  to  develop  a  fully  buried  condition  at.  24 0  psi. 

In  examining  any  of  the  arching  curves,  it  is  best  to  look  at 
the  data  in  Table  6  at  the  same  time.  This  is  particularly  true 
for  Test  18.  To  get  a  feel  for  what  took  place  during  the  test,  it 
is  also  worthwhile  to  look  at  the  oscillograph  records  in  Appendix  C. 
For  this  test,  Figures  C-30  through  C-33  are  a  dramatic  description 
of  the  tremendous  effects  of  the  reflected  pressures  which  exceeded 
1,200  psi.  The  arching  curves  in  Figure  54b  also  show  these  effects. 

The  strong  precursor  of  the  reflected  pressure  wave  appeared  at 
the  30-inch  level  in  the  11-  to  12-msec  time  frame,  and  at  the  35- 
inch  level  at  12  msec.  The  arching  curve  indicates  a  strong  reaction 
to  the  reflected  pressures  at  12  msec.  Maximum  arching  occurred  at. 

12  msec  when  the  differential  pressure  with  respect  to  the  surface 
reached  l40  psi,  and  134  psi  with  respect  to  the  soil  pressure  at  the 
35- inch  level.  Figure  54b  shows  that  the  arching  goes  through  sev¬ 
eral  stages  depending  upon  amount  of  pressure  at  the  level  of  the 
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structure,  the  amount  of  soil  deformation,  and  the  amount  of  struc¬ 
tural  deformation.  For  example  at  8  msec,  Table  6,  the  pressure  on 
the  structure  and  on  the  coil  at  the  35“inch  level  were  practically 
equal.  The  majority  of  the  force  of  the  structure  was  involved  in 
overcoming  the  inertia  of  the  top.  At  this  time  the  structure  was 
evidently  approximately  of  the  come  stiffness  as  the  soil  in  its 
vicinity.  The  average  structure  pressure  of  245  psi  acting  on  the 
top  of  the  device  was  the  maximum  pressure  experienced  by  the  struc¬ 
ture  and  must  be  considered  by  the  designer.  The  differential  pres¬ 
sure  with  relation  to  the  surface  was  53  psi.  The  very  high  acceler¬ 
ations  imparted  to  the  device  by  the  rapid  rise  in  the  pressure  at 
the  35- inch  level  had  a  load  amplification  effect.  Note  the  shape  of 
the  pressure  waves  at  the  35-inch  level  in  Figure  C-30  and  the  ac¬ 
celerations  in  Figure  C-33. 

As  the  soil  pressure  at  the  35-ir.ch  level  increased  to  its  peak 
at  9  and  10  msec,  the  inertia  term  in  the  equation  of  motion  changed 
sign  and  the  plateau  seen  in  Figure  54b  was  obtained.  The  pressure 
acting  on  the  top  of  the  device  ranged  between  203  and  207  psi.  The 
differential  pressure  was  87  psi  with  respect  to  the  surface  and  82 
to  98  psi  with  respect  to  the  soil  pressure  at  the  35-inch  level.  It 
would  be  desirable  to  design  for  the  200-psi  pressure  since  this  pres¬ 
sure  stayed  on  the  structure  for  a  period  of  time  and  the 
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acceleration  spike  which  contributed  the  high  inertial  forces  noted 
at  8  msec  was  very  sharp. 

The  minimum  differential  pressure,  47  psi,  for  Test  18  occurred 
at  times  14  and  15  msec.  The  load  on  the  structure  ranged  between 
220  and  223  psi .  The  waveforms  in  Appendix  C  and  the  arching  curves 
in  Figure  54b  indicate  that  the  results  at  this  time  were  affected  by 
the  reflections  discussed  in  the  previous  paragraphs. 

It  is  interesting  to  note  in  Table  6  that,  in  spite  of  the 
strong  reflections,  the  soil  and  the  structure  continued  to  deflect 
throughout  the  major  portion  of  the  test.  This  is  in  contrast  with 
some  of  the  lower  pressure  tests  in  which  the  direction  of  the  motion 
started  changing  at  about  the  time  the  reflected  pressure  reached  the 
30-  to  35-inch  levels. 

Test  19  was  designed  to  determine  the  maximum  arching  that 
could  be  expected  above  a  flexible  structure  buried  at  a  depth  of  one 
structure  diameter.  The  structure  was  of  approximately  the  same 
stiffness  as  that  used  in  Test  13  and  somewhat  stiffer  than  those 
used  in  Tests  11,  12,  15,  and  16.  Peak  surface  pressure  was  157  psi. 

The  peak  pressure  at  the  35-inch  level  occurred  at  6  msec.  Al¬ 
though  the  initial  reflected  wave  was  not  as  strong  as  that  noted  in 
the  previous  test,  it  could  be  detected  at  the  30- inch  level  at 
8  msec  and  at  the  35-inch  level  at  9  msec.  Figure  C-34.  The  very 
strong  peak  reflections  hit  the  device  at  14  msec. 
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The  soil  and  entire  structure  continued  to  move  downward  during 
the  first  100  msec  of  the  test,  Table  6.  The  maximum  differential 
deflection  occurred  at  100  msec .  The  top  of  the  structure  reached 
its  first  deflection  peak  at  5  msec.  It  peaked  again  at  50  msec 
because  of  the  reflection  effects. 

The  arching  curves  for  Test  19  in  Figure  55*  indicate  that  the 
shear  strength  of  the  clay  was  fairly  well  developed.  The  maximum 
load  on  the  device,  132  psi,  occurred  between  5  and  6  msec.  The 
differential  pressure  in  relation  to  both  the  surface  and  the  soil 
at  the  level  of  the  top  of  the  device  was  approximately  25  psi. 
Maximum  arching  reached  a  value  between  23  and  30  psi  daring  the 
8-  to  10-msec  time  frame,  depending  on  the  datum  chosen. 

It  is  interesting  to  note  the  similarity  of  the  structure  and 
soil  pressures  at  3  msec.  Note  also  the  residual  load  on  the  device 
after  the  surface  pressure  had  decreased  to  zero  and  the  pressure  on 
the  soil  at  the  35-inch  level  had  reached  19  psi.  This  is  a  function 
of  the  ability  of  the  soil  to  hold  the  top  down  and  only  let  it  expand 
slowly  with  time.  The  soil  and  structural  pressures  eventually 
reached  4  psi  several  hours  after  the  test. 

The  structure  used  in  Test  20  was  a  very  flexible  one 
(1^/fcg  «  0.29).  The  arching  curve  in  Figure  55b  shows  that  the 
differential  pressure  was  relatively  constant  for  a  long  period  of 
time  while  deflection  was  increasing  rapidly.  In  this  particular 
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tesit,  tb ■?.  minimum  differential  pressure  did  not  occur  at  the  time  at 
•fnia't  eri  reached  its  maxim,"-  deflection,  but  at  8  msec.  The 

van  f.vl.'/  i  liiYei-cntial  pressure  wr »  very  small  throughout  the 
actv '  >;•  pfese. 

Ihv  v  .".  y  rsfu.re  at  dv:  <;-inoh  level  reached  a  peak  at  6  msec 
a. id  S'i'Kpi  rrX/i  •/vfl.y  ,-.<*»•  •? »a\t  uutil  14  msec.  Table  6.  Maximum  de¬ 
flection  of  ti.  :■  \  t  '-i/:;ure  was  reached  at  17  msec.  Maximum 

differential  deflection  occurred  at  11  msec.  The  maximum  load  on  the 


device,  9*3  psi,  and  the  mi.  .mum  differential  pressure,  23-5  psi,  oc¬ 
curred  at  8  msec.  Maximum  arching  of  25  to  26  psi  occurred  at  6, 

10,  and  11  msec.  From  these  figures  and  the  shape  of  the  curve  in 
Figure  55b,  it  appears  as  if  the  shear  strength  of  the  material  was 
close  to  being  fully  developed. 

Test  21  used  a  device  with  a  relative  stiffness,  K^Ag  >  of  aP” 
proximately  0.42.  The  appearance  of  the  arching  curve,  Figure  55c, 
is  more  nearly  like  those  shown  for  the  static  tests.  The  peak  soil 
pressure  arrived  at  the  level  of  the  top  of  the  device  at  approxi¬ 
mately  6  to  8  msec.  Figures  C-42  and  C-43  indicate  that  a  noticeable 
reflected  pressure  wave  reached  the  30-inch  level  at  8  msec  and  the 


35-inch  level  at  approximately  10  msec.  The  arching  curve  confirms 
these  observations.  Between  about  4  and  12  msec,  the  load  on  the 
test  device  seemed  to  be  fairly  constant.  Fluctuations  in  the  dif¬ 
ferential  pressure  between  4  and  12  msec  appear  to  be  mostly  a 
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contribution  of  the  inertia  term  in  equation  10.  The  minimum  dif¬ 
ferential  pressure  prior  to  the  time  of  the  arrival  of  the  reflection 
and  the  decrease  in  the  surface  pressure  was  20  psi.  At  10  msec  the 
device  had  reached  its  maximum  deflection  and  the  spring  force  was 
at  a  maximum.  The  design  load  experienced  by  the  device  at  10  msec 
was  15.5  psi.  This  load  appeared  to  remain  on  the  structure  for  suf¬ 
ficient  time  to  be  fully  effective.  After  10  msec,  the  characteris¬ 
tic  backward  and  upward  swing  of  the  arching  curve  can  be  observed. 
This  was  caused  by  the  decrease  in  the  surface  pressure  and  the  re¬ 
versal  of  the  loading. 

In  this  test  the  soil  reached  its  maximum  deflection  at  12  msec, 
the  structure  at  10  to  12  msec,  and  the  top  deflection  was  fairly 
constant  from  8  to  100  msec.  The  maximum  differential  deflection 
was  reached  at  10  msec  and  corresponded  fairly  accurately  with  the 
maximum  load  and  minimum  differential  pressure. 

The  Test  22  device  was  stiffer  than  those  used  in  Tests  20  and 
21,  but  was  also  less  stiff  than  the  soil  that  it  replaced.  It  can 
be  seen  in  Table  6  and  Figure  56a  that  the  contribution  of  the  in¬ 
ertia  term  at  the  early  times  was  much  less  than  the  spring  force. 
This  is  opposite  to  the  results  noted  for  the  very  flexible  struc¬ 
tures.  The  stiffer  the  structure,  the  less  the  contribution  of  the 
inertia  term  at  the  early  times.  At  times  1.5  and  3  msec,  there 
were  large  differential  pressures  but  these  should  be  considered  in 
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light  of  the  contribution  of  the  inertia  term  and  the  arrival  of  the 
peak  stress  at  the  level  of  the  top  of  the  device. 

The  critical  point  or  that  point  at  which  the  differential  pres¬ 
sure  appeared  to  be  a  minimum  and  the  structure  pressure  a  maximum 
was  at  5  and  6  msec.  The  load  on  the  device  was  approximately  2 6  psi 
and  there  was  very  little  contribution  from  the  inertia  or  damping 
terms.  At  this  time,  the  top  of  the  device  had  not  reached  its  maxi¬ 
mum  deflection  but  it  was  very  close  to  it.  Actually  the  deflection 
of  the  top  was  fairly  constant  from  5  to  100  msec.  Its  maximum  de¬ 
flection  occurred  at  10  msec  and  the  maximum  total  deflection  of  the 
device  did  not  occur  until  14  msec.  The  maximum  differential  deflec¬ 
tion  occurred  at  6  msec. 

Reflections  appeared  in  the  oscillograph  records,  Figures 
C-46  and  0-47,  at  the  30- inch  level  between  8  and  10  msec  and  at  the 
35-inch  level  at  approximately  10  msec.  The  reflections  seem  to  have 
a  definite  effect  on  both  the  soil  and  structure  deflections. 

Test  23  was  made  using  the  most  flexible  device  in  the  test  pro¬ 
gram,  KfpAg  =0.3  .  The  shape  of  the  arching  curves  shown  in  Figure 
56b  was  normal  for  active  arching  curves.  There  was  a  definite  turn 
horizontal  at  4  msec.  The  portions  of  the  curves  from  4  to  12  msec 
indicate  active  arching.  The  sharp  turn  at  12  msec  was  caused  by  the 
beginning  of  the  reflection  effects.  As  in  the  other  tests  with 
flexible  devices,  the  contribution  of  the  inertia  term  was  very  large 
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in  comparison  to  that  of  the  spring.  Table  6. 

The  critical  time  seemed  to  be  approximately  2  msec.  At  this 
time  the  pressure  on  the  device  was  12.6  psi,  Table  6.  The  soil 
pressure  at  the  35-inch  level  averaged  12.5  psi  at  the  same  time. 

As  previously  explained,  in  spite  of  the  weakness  of  the  device, 
early  in  the  test  before  the  pressure  builds  up  in  the  soil,  the 
device  is  much  stiffer  relative  to  the  soil  than  at  later  times 
after  the  maximum  pressure  is  exerted  on  the  soil.  It  is  true  that 
these  early  conditions  normally  do  not  last  long  and  in  some  cases 
may  not  be  significant  for  design  purposes. 

The  data  in  Table  6  indicate  that  the  top  of  the  device  ex¬ 
perienced  a  negative  pressure  of  approximately  0.8  psi  at  10  msec. 
Whether  this  is  a  real  negative  pressure  or  an  error  in  the  calcula¬ 
tion  of  the  inertia  term  is  not  known.  In  examining  the  test  device 
after  the  test,  the  soil  was  found  stuck  firmly  to  its  top.  The  ad¬ 
hesion  was  sufficient  to  allow  the  soil  to  exert  tension  on  the  top. 
The  accelerations  were  sufficient  to  drive  the  top  at  a  very  high  ve¬ 
locity.  At  times  10  and  12  msec  all  the  pressure  available  at  the 
surface  had  been  reduced  by  the  shear  developed  in  the  soil.  The 
shear  strength  of  the  soil  was  probably  close  to  being  fully  devel¬ 
oped.  A  higher  surface  pressure  exerted  on  this  same  device  would 
have  been  required  to  determine  if  the  shear  strength  of  the  soil  was 
actually  fully  developed. 


The  reflection  seemed  to  arrive  at  the  30~inch  level  at  approxi¬ 
mately  8  msec  and  at  the  35-inch  level  at  about  12  msec.  This  is 
also  the  time  at  which  the  structure  recorded  its  maximum  differ¬ 
ential  deflection  and  its  minimum  load.  The  maximum  deflection  of 
the  soil  and  structure  did  not  occur  until  15  msec. 

In  Test  24  the  test  device  was  stiffer  than  the  soil  which  it 
replaced.  The  characteristic  shape  of  the  curve  was  different  be¬ 
cause  the  structure  was  loading  rather  than  unloading,  Figure  57a. 
This  type  of  action  is  generally  termed  passive  arching. 

Table  6  shows  that  prior  to  4  msec  the  differential  pressure 
was  negative.  This  was  partially  due  to  the  fact  that  the  differ¬ 
ential  pressure  was  being  measured  with  reference  to  the  surface 
pressure  and  the  pressure  at  the  level  of  the  top  of  the  device  had 
not  had  time  to  rise  to  the  level  of  the  surface.  Unfortunately, 
the  soil  pressure  gages  did  not  function  properly  during  this  test 
and  there  was  no  accurate  measure  of  the  time  of  arrival  of  the 
peak  pressure  at  the  level  of  the  top  of  the  device. 

The  maximum  differential  pressure,  10  psi,  and  also  the  maximum 
pressure  acting  on  the  top  of  the  device,  4l.6  psi,  occurred  at 
6  msec.  This  was  the  worse  condition  experienced  by  the  structure. 

The  contributions  of  the  inertia  term  were  small.  Note  that  the 
inertia  contributions  became  smaller  and  smaller  as  the  structure  be¬ 
came  stiffer  and  stiffer.  As  the  mass  and  stiffness  of  the  springs 
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increased,  the  accelerations  logically  decreased. 

At  6  msec,  the  maximum  deflection  of  the  top  of  the  device  rela¬ 
tive  to  the  base  of  the  device  occurred.  Although  there  was  a  larger 
relative  deflection  at  12  msec,  this  appeared  to  be  the  result  of 
reflections. 

Test  25  was  made  with  the  same  test  device  as  Test  24  and  in  the 
same  soil  specimen,  but  at  a  higher  pressure.  It  can  be  seen  in 
Table  6  and  Figure  57b  that  the  early  results  and  the  shape  of  the 
arching  curves  resemble  those  of  the  previous  test.  The  maximum  load 
was  exerted  on  the  structure  at  7  msec.  This  was  also  the  time  at 
which  the  maximum  relative  deflection  of  the  top  of  the  device  oc¬ 
curred.  The  maximum  load  was  77-4  psi  and  the  differential  pressure 
was  approximately  25-5  psi. 

The  surface  pressure  was  1.7  times  that  used  in  Test  24  while 
the  maximum  device  pressure  was  1.86  times  as  high  and  the  differ¬ 
ential  pressures  were  as  much  as  2.5  times  those  in  Test  24. 

Note  that  the  differential  deflection  reversed  at  the  time  of 
maximum  load.  Close  examination  of  the  test  results  at  this  time 
indicates  that  the  base  of  the  device  started  to  move  faster  than  the 
soil  at  the  same  level  because  the  load  on  the  device  exceeded  the 
free-field  pressure.  The  high  rate  of  movement  of  the  base  of  the 
device  caused  the  change  in  direction  of  the  differential  deflection. 
Note  the  shape  of  the  arching  curve  between  the  500-msec  point  and 


the  final  position.  The  total  deflection  curve  shows  that  the  device 
actually  moved  up  after  the  pressure  was  removed,  yet  the  differen¬ 
tial  deflection  curve  indicates  that  the  relative  position  was  down. 
This  seems  to  be  the  result  of  the  fact  that  the  base  of  the  device 
has  been  driven  further  and  harder  than  the  soil  and  thus  did  not 
rebound  to  the  same  extent  as  the  soil  in  the  free  field.  The  soil 
and  structure  deflections  showed  two  peaks,  1 6  and  50  msec.  Thesr 
were  probably  due  to  the  reflections. 

The  arching  curve  for  Test  2 6  shows  the  characteristic  shape 
of  a  dynamic,  passive  arching  curve,  Figure  58a.  Again  the  direc¬ 
tion  of  the  differential  deflection  is  reversed  after  the  maximum 
load  was  exerted  on  the  top  of  the  structure.  This  resulted  from 
punching  of  the  base  into  the  soil. 

The  test  device  used  in  this  test  was  extremely  stiff  as  com¬ 
pared  to  the  soil,  but  there  was  no  sharp  increase  in  the  differ¬ 
ential  pressure  as  compared  with  Tests  24  and  25  as  might  have  been 
expected.  These  results  indicate  thut  beyond  a  certain  stiffness  of 
the  structure  the  base  punches  into  the  soil,  and  the  limiting  load 
a  structure  will  attract  is  governed  by  the  bearing  capacity  of  the 
soil  below  the  base  of  the  structure.  This  behavior  did  not  appear 
to  govern  the  behavior  of  flexible  structures.  As  the  top  of  the 
device  deflected,  the  load  on  the  device  decreased  before  the  inter¬ 
action  of  the  base  with  the  soil  had  an  appreciable  effect.  The 
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decrease  in  the  load  on  the  top  of  the  device  did  have  an  effect  on 
the  base  deflection,  but  it  was  not  as  significant  as  noted  with  the 
very  stiff  devices. 

The  maximum  load  in  Test  26  occurred  at  8  msec.  The  results  of 
this  test  are  somewhat  questionable  because  when  the  test  device  was 
removed  and  inspected,  it  was  noted  that  some  of  the  strain  gages  meas¬ 
uring  the  load  on  the  top  of  the  device  had  been  damaged.  In  Test  26 
the  maximum  load  on  the  device  of  approximately  40  psi  actually  oc¬ 
curred  between  4  and  10  msec  with  very  little  variation  within  this 
time  frame.  Whether  this  was  due  to  the  discrepancy  in  the  instru¬ 
mentation  or  was  the  actual  load  on  the  device  could  not  be  determined. 

The  maximum  differential  deflection  occurred  between  6  and 
7-5  msec.  The  deflection  of  the  top  of  the  device  was  practically 
constant  between  4  and  12  msec.  The  maximum  deflection  of  the  soil 
and  the  device  did  not  occur  until  20  msec. 

As  a  result  of  the  strain  gage  damage,  this  test  was  repeated  as 
Test  27A  with  a  new  soil  specimen  and  the  same  test  device.  The  maxi¬ 
mum  load  of  approximately  42  psi  was  on  the  device  from  4  to  8  msec 
with  very  little  variation,  Figure  58b.  The  load  measured  in  this 
test  is  practically  the  same  as  that  measured  in  the  previous  test, 
although  the  differential  pressure  was  larger  since  the  surface  pres¬ 
sure  was  lower.  The  spring  load  was  practically  constant  between  6 
and  12  msec  with  the  maximum  of  42  psi  occurring  at  8  msec.  The  net 


load,  was  practically  constant  between  4  and  8  msec  with  a  maximum  of 
42.5  occurring  at  6  msec.  The  differential  pressure  was  practically 
constant  between  4  and  12  msec  with  a  maximum  of  11.5  psi  occurring 
at  6  and  7  msec.  The  maximum  deflections  occurred  between  l4  and 
16  msec.  The  shape  of  the  arching  curve  was  as  expected,  Figure  58b. 

Test  27B  was  a  repeat  test  at  a  higher  pressure  (4l.5  psi)  on  the 
same  specimen  used  in  Test  27A.  The  arching  curve  is  shown  in  Figure 
59a.  The  maximum  load  of  47  to  50  psi  occurred  between  6  and  l4  msec. 
Whether  the  loads  at  12  and  l4  msec  were  the  result  of  reflections 
could  not  be  determined.  The  maximum  load  on  the  spring  occurred  at 
12  msec,  but  the  maximum  calculated  load  occurred  at  6  msec.  The 
arching  curve  indicates  that  the  critical  time  was  from  6  to  7  msec. 
The  negative  inertia  load  was  also  at  its  maximum  at  12  msec.  As  a 
consequence  of  this,  the  net  pressure  on  the  top  of  the  device  was 
slightly  higher  at  6  msec.  The  differential  1  j?e  8  psi  was 
the  same  at  6  and  12  msec.  3ome  of  the  points  after  the  arrival  of 
the  reflection  were  omitted  in  order  to  simplify  the  arching  diagram. 

Test  27C  was  a  repeat  shot  on  the  same  test  specimen  used  in 
Tests  27A  and  B.  The  surface  pressure  for  this  test  was  64  psi.  The 
maximum  load  on  the  structure  occurred  between  8  and  l6  msec,  Figure 
598  and  Table  6.  The  maximum  net  load  actually  occurred  at  l4  msec. 
The  maximum  spring  load,  of  84  psi  occurred  at  l4  msec.  Reflections 
occurred  after  14  msec. 
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At  500  msec  the  load  on  the  device  was  zero.  Again  the  charac¬ 
teristic  shape  of  the  passive  arching  curve  was  observed  for  this 
test.  The  previous  discussions  relative  to  the  deflection  of  the 
base  and  the  differential  deflection  are  also  pertinent  to  this 
test. 

Note  in  Table  6  that  maximum  deflections  of  the  soil  and  struc¬ 
ture  did  not  occur  until  20  msec.  This  agrees  with  the  other  high 
pressure  tests  in  which  the  deflections  continued  for  a  longer  period 
of  time  relative  to  those  that  occurred  in  the  31-  to  37-5-psi  tests. 
The  maximum  differential  deflections  occurred  at  12  to  14  msec  and 
occurred  at  the  same  time  as  the  maximum  load  on  the  structure. 

4.3.3  Pressure  Profiles.  In  this  section,  three  types  of  pres¬ 
sure  distribution  figures  are  presented  and  discussed:  the  horizon¬ 
tal  distribution  of  vertical  pressure  at  the  35-inch  level,  the  ver¬ 
tical  pressure  distribution  with  depth,  and  the  ratio  of  the  horizon¬ 
tal  to  the  vertical  pressure  above  the  test  device.  Although  these 
profiles  were  drawn  for  each  test,  only  certain  selected  curves  are 
presented.  These  are  typical  of  the  distributions  observed. 

First,  the  distribution  of  the  vertical  soil  pressures  at  the 
35-inch  level,  the  level  of  the  top  of  the  test  device,  is  discussed. 
Certain  selected  times  are  shown  in  each  figure  to  illustrate  the 
buildup  and  decline  of  the  pressure  at  this  level  and  how  these  pres¬ 
sures  were  affected  by  the  arching  onto  or  away  from  the  structure. 
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Figure  60a  shows  the  pressure  distribution  for  Test  11  and  il¬ 
lustrates  the  distribution  at  low  pressure  with  a  device  more  flex¬ 
ible  than  the  soil  buried  at  a  scaled  depth  of  burial  of  3*  The 
gages  at  the  10-  and  l4-inch  radii  indicate  that  sidewall  friction 
had  some  effects  on  the  distribution  at  this  level  and  these  radii. 
The  buildup  at  the  14-,  10- ,  and  6-l/2-inch  radii  indicates  the  time 
necessary  for  the  gages  at  the  35-inch  level  to  reflect  the  changes 
in  the  surface  pressure.  This  figure  also  shows  that  the  gages  at 
the  4-1/2-,  5-l/2- ,  and  6-l/2-inch  radii  are  definitely  influenced 
by  the  load  arched  away  from  the  device  onto  the  soil.  At  100  msec, 
the  soil  was  unloading  and  there  was  some  indication  that  the  struc¬ 
ture  was  starting  to  load  the  soil  and  thus  reduce  the  pressure 
peaks  around  the  structure. 

In  Figure  60b,  Test  12,  it  can  be  seen  that  the  sidewall  fric¬ 
tion  problem  experienced  in  Test  11  had  been  overcome  by  the  measures 
explained  in  Appendix  A.  The  gages  at  the  10- ,  14-,  and  l6-inch 
radii  were  in  the  free  field.  The  gages  at  the  4-,  4-l/2-,  5-1/2-, 
and  6-l/2-inch  radii  were  influenced  by  the  structure.  The  structure 
in  this  case  was  more  flexible  than  the  soil  and  was  buried  at  a 
scaled  depth  of  3*  At  70  psi,  the  soil  pressure  distribution  is  con¬ 
siderably  different  from  those  shown  in  Figures  3  and  4  and  postu¬ 
lated  by  Monfore  and  Finn.  This  could  be  due  to  the  fact  that  as  the 
structure  depressed  it  allowed  the  soil  to  move  toward  the  area 
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vacated,  and  thus  the  soil  became  less  confined  and  consequently 
yielded.  There  is  some  indication  that  the  area  6-l/2  inches  from 
the  centerline  was  also  influenced  by  the  arching  action  since  there 
was  less  pressure  in  this  area  than  would  have  been  expected  from 
observing  the  gages  at  10  and  l4  inches. 

Figure  60c  illustrates  the  distribution  of  the  pressure  for 
Test  13.  This  is  an  example  of  the  effect  of  a  high  surface  pres¬ 
sure  of  151  psi  on  the  pressure  distribution.  The  gage  at  the 
U-l/2-inch  radius  indicated  the  unloading  of  the  device  onto  the 
soil  as  the  pressure  increased.  The  gages  at  the  8-,  10- ,  and 
l4-inch  radii  indicated  that  the  arching  did  not  measurably  influ¬ 
ence  this  region.  The  high  pressure  region  near  the  device  and  the 
low  pressure  region  at  the  6-l/2-inch  radius  are  similar  to  those 
found  in  Test.  12.  Unfortunately,  the  gages  at  the  5-l/2-  and  6-inch 
radii  failed  to  function  and  the  distribution  within  the  high  pres¬ 
sure  region  is  not  known. 

Figure  6la  shows  that  the  pressure  distribution  for  Test  15  was 
considerably  different  from  that  of  the  previous  tests.  The  test  de¬ 
vice  was  less  stiff  than  the  soil,  but  in  this  case  it  was  buried 
only  2  inches  below  the  soil  surface.  The  influence  of  the  arching 
can  be  seen  at  the  4-l/2-inch  radius,  but  it  is  not  sharply  defined 
because  of  the  small  amount  of  arching. 

The  distribution  for  Test  l6,  Figure  6lb,  should  be  compared 
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with  that  for  Tests  11  and  15.  The  pressure  level  and  test  device 
were  similar  but  the  device  was  buried  at  a  depth  of  6  inches  or  a 
scaled  depth  of  1.  The  shape  of  the  curve  is  somewhat  similar  to 
that  for  Test  11.  The  major  difference  is  that  the  gage  at  a  radius 
of  U-l/2  inches  for  Test  1 6  registered  a  pressure  which  was  consider¬ 
ably  lower  than  that  registered  in  Test  11.  The  gages  at  the  6-1/2-, 
10- ,  and  l4-inch  radii  measured  pressures  which  were  somewhat  higher 
than  those  measured  in  Test  11.  This  is  explained  by  the  depth  of 
burial.  Tie  gage  at  18  inches  certainly  indicated  that  sidewall 
friction  was  playing  a  role  at  this  radius  at  a  6-inch  depth  of 
buiu.al.  The  10- ,  14-,  and  l6-inch  radii  gages  were  probably  in  the 
free-field  region.  The  pressure  buildup  at  the  5-l/2-inch  radius 
can  be  seen  as  the  arching  increased  and  as  the  pressure  at  this 
level  increased.  The  soil  appeared  to  be  affected  by  the  arching 
to  at  least  the  6-l/2-inch  radius.  There  was  a  marked  difference 
between  the  pressure  distribution  for  Tests  15  and  16.  This  is  ex¬ 
plainable  by  the  depth  of  burial. 

The  pressure  distribution  for  Test  17,  Figure  6lc,  was  different 
from  that  for  Test  11,  even  though  it  was  a  repeat  test  on  the  same 
sample.  Again  it  seemed  that  the  area  around  the  5-l/2-inch  radius 
received  most  of  the  pressure  arched  onto  the  soil.  The  area  in  the 
vicinity  of  the  4-l/2-inch  gage  was  not  loaded  as  in  Test  11.  The 
structure  appeared  to  be  arching  with  respect  to  the  regions  farther 
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from  the  device .  The  gage  at  the  10-inch  radius  was  influenced  by 
the  active  arching. 

Figure  62a,  Test  20,  shows  that  for  this  weak  device  the  load 
seemed  to  be  arched  to  the  region  between  the  device  and  the  6-l/2- 
inch  radius,  with  the  majority  of  the  load  applied  near  the  4-1/2- 
inch  radius.  This  is  in  contrast  to  Figure  6lb  which  shows  that  the 
larger  concentration  of  pressure  was  at  the  5-l/2-inch  radius  for 
Test  l6.  Note  how  the  pressure  increased  in  the  close-in  regions  as 
the  arching  increased. 

In  Test  21,  Figure  62b,  the  distribution  indicated  a  low  pres¬ 
sure  region  very  near  the  device  and  a  very  high  pressure  region  at 
the  5-l/2-inch  radius.  The  shape  of  the  curve  is  very  similar  to 
that  for  Test  20  except  for  the  drastic  change  at  the  4-l/2-inch 
radius.  This  lack  of  pressure  buildup  at  the  4-l/2-inch  radius  seems 
to  have  influenced  the  high  pressure  at  the  5-l/2-inch  radius.  The 
soil  appeared  to  be  affected  to  a  radius  of  approximately  6  inches  by 
the  arching. 

Figure  62c  illustrates  the  pressure  distribution  for  Test  22. 

The  profile  appears  to  be  somewhat  similar  to  those  for  Tests  20  and 
21  except  for  the  8-inch  gage.  The  pressures  at  the  6-1/2-,  10- ,  and 
l4-inch  radii  were  very  similar. 

Test  23  results  were  dissimilar  to  those  for  any  other  test, 
Figure  63a.  Although  the  pressures  between  the  4-l/2-  and  6-l/2-inch 
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radii  were  higher  than  those  acting  on  the  device,  they  were  lower 
than  the  surface  pressure  and  the  area  was  small.  High  pressures  were 
experienced  in  the  large  region  between  the  6-l/2-  and  12-inch  radii. 
Due  to  the  large  deflections  experienced  by  this  extremely  flexible 
device  the  load  was  distributed  over  a  larger  area  farther  from  the 
de-vice.  These  large  deflections  allowed  the  soil  near  the  device  to 
unload  as  it  moved  toward  the  centerline  and  thus  the  higher  pressure 
region  developed  progressively  farther  from  the  centerline  as  the  de¬ 
flection  increased.  The  pressure  in  the  region  at  the  14-  and 
l6-inch  radii  seemed  to  be  uniform  and  undisturbed  by  the  arching. 

The  low  pressures  at  the  12-inch  radius  seem  consistent  with  similar 
regions  at  the  10- inch  radius  in  Tests  20  through  22  and  at  the 
6-l/2-inch  radius  for  Tests  12,  13,  15 >  and  17 • 

Figure  63b  draws  the  profile  for  Test  26,  a  passive  arching 
test.  Note  that  its  shape  is  considerably  different  from  those  re¬ 
sulting  from  the  use  of  the  flexible  device.  The  pressure  at  the 
4-inch  radius  was  very  near  the  pressure  experienced  by  the  struc¬ 
ture.  There  was  a  low  pressure  region  at  the  5-l/2-inch  radius  in¬ 
stead  of  a  high  pressure  region  as  noted  for  the  flexible  devices. 

The  6-l/2-inch  gage  seemed  to  confirm  the  readings  of  the  5-l/2-inch 
gage.  A  region  with  pressures  higher  than  the  surface  pressure  ex¬ 
isted  at  the  8-  and  10-inch  radii. 

The  times  plotted  in  Figures  60-63  indicate  the  pressure 
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profiles  when  arching  was  a  maximum  and  a  minimum.  The  zones  in  the 
soil  affected  by  the  arching  are  shown.  The  curves  also  show  the 
buildup  and  decay  in  the  arching  as  time  progressed. 

In  order  to  examine  these  pressure  profiles  more  closely,  a 
force  balance  similar  to  that  used  for  the  static  tests  was  made  at 
certain  selected  radii.  The  times  for  these  calculations  were  se¬ 
lected  such  that  the  pressure  at  the  surface  and  at  the  level  of  the 
device  had  become  fairly  stable.  A  straight  line  distribution  of 
pressure  between  the  gages  was  assumed.  The  forces  at  the  35-inch 
level  and  at  the  surface  were  calculated  by  taking  the  average  pres¬ 
sure  between  any  two  gages  and  multiplying  it  by  the  area  over  which 
it  was  effective.  The  same  type  of  calculation  was  made  for  the  de¬ 
vice  itself. 

In  Test  12,  the  time  at  which  the  maximum  load  was  exerted  on 
the  test  device  was  12  msec,  Table  6.  At  this  time,  the  surface 
pressure  was  68  psi.  At  6  to  11  msec,  the  surface  pressure  was 
69  psi.  The  force  balance  at  the  35-inch  level  disclosed  the  fol¬ 
lowing  average  pressures: 


Radius 

Average 
Pressure 
at  12  msec 

Average 
Pressure 
at  15  msec 

Radius 

Average 
Pressure 
at  12  msec 

Average 
Pressure 
at  15  msec 

inches 

psi 

psi 

inches 

psi 

psi 

4.5 

64.5 

-- 

10.0 

65.2 

66.4 

5.5 

70.4 

69.8 

14.0 

65.I 

67.7 

6.5 

70.9 

71.0 

16.0 

65.9 

68.1 
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From  the  12-msec  information,  it  appears  that  the  area  affected 
by  the  arching  extended  to  a  region  somewhere  between  the  6.5-  and 
10- inch  radii.  At  a  7-inch  radius  the  average  pressure  was  69  psi. 

The  force  balance  at  15  msec  also  showed  that  the  area  most  af¬ 
fected  by  arching  was  between  the  6.5-  and  10-inch  radii.  The  force 
balance  seems  to  confirm  the  results  observed  in  Figure  60b.  The 
average  pressure  at  the  35-inch  level  was  68  at  a  radius  of  7*35 
inches.  The  results  also  show  that  the  force  lost  to  sidewall  fric¬ 
tion  at  the  l6-inch  radius  was  not  significant  for  this  test. 

Similar  calculations  were  made  for  Test  13.  Again  the  influ¬ 
ence  of  the  sidewall  friction  was  minimal.  This  indicates  that  as 
the  surface  pressure  increased,  the  force  necessary  to  overcome  the 
sidewall  friction  was  a  smaller  percentage  of  the  total  load.  The 
soil  sample  actually  slipped  inside  the  Small  Blast  Load  Generator 
and  sidewall  friction  loss  was  insignificant.  A  summation  of  forces 
at  the  level  of  the  top  of  the  device  at  13.5  msec  disclosed  that  the 
equivalent  surface  pressure  was  approximately  154  psi.  The  area  in¬ 
fluenced  by  the  arching  extended  to  a  radius  of  approximately  5 . 5 
inches . 

A  force  balance  was  made  for  Test  l6  at  10  and  16  msec.  At  10 
msec,  the  total  force  acting  on  the  35-inch  level  was  30,370  pounds 
or  an  equivalent  pressure  of  29.8  psi.  The  pressure  at  the  surface, 
taking  into  consideration  the  travel  time,  was  approximately  37  psi. 
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This  indicates  a  force  loss  in  excess  of  7>500  pounds.  If  the  radius 
of  interest  is  reduced  to  10  inches,  the  force  acting  at  the  35*inch 
level  was  11,720  pounds.  This  is  equivalent  to  an  average  pressure 
of  37.3  psi.  This  pressure  is  reasonably  close  to  the  surface  pres¬ 
sure.  Using  the  37«3"Psi  pressure  as  a  datum,  it  was  possible  to 
determine  at  what  radius  the  arching  has  an  influence  within  the 
soil.  At  both  the  10-  and  l6-msec  times,  this  radius  was  found  by 
similar  calculations  to  be  approximately  6.5  inches  or  slightly 
larger  than  one  structure  radius  outside  of  the  device. 

As  an  example  of  a  passive  arching  test,  the  curves  in  Figure 
63b  for  Test  26  were  examined  at  8  and  14  msec.  By  the  time  this 
test  was  performed,  the  sidewall-friction  problems  had  been  solved 
and  the  losses  experienced  at  the  35-inch  level  were  very  minimal. 

The  force  balance  disclosed  that  the  area  affected  by  the  arching  was 
inside  the  6.5-inch  radius  at  both  times. 

In  Figure  64a  the  pressure  distribution  for  Test  12  is  presented 
at  four  times.  In  this  way  it  is  possible  to  see  that  there  was  a 
pressure  buildup  at  the  6-inch  level  considerably  after  the  maximum 
structural  load  occurred  or  minimum  arching  took  place.  In  this  test 
the  horizontal-to-vertical  pressure  ratio  at  a  radius  of  16  inches 
remained  less  than  1  throughout  the  test.  This  is  an  indication  that 
the  principal  stress  remain*.  close  to  vertical  in  this  region 
throughout  the  test.  At  the  4-  to  4.5-inch  radius  the  figure  shows 
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that  the  ratio  was  much  less  than  1.  Thus  high  vertical  stresses 
were  predominating. 

Figure  64b  shows  the  pressure  profiles  for  Test  13  plotted  at 
4,  10,  and  12.5  msec.  These  times  are  fairly  early  because  of  the 
high  reflections  which  took  place  in  this  test.  At  12.5  msec  the 
pressure  at  the  6-inch  layer  had  not  risen  to  surface  pressure  level. 
This  was  not  due  to  the  friction  dissipation,  but  to  the  fact  that 
the  peak  of  the  pressure  wave  had  not  reached  this  level.  For  in¬ 
stance,  the  pressure  at  the  6-inch  level  reached  115  psi  at  15  msec 
and  385  psi  at  2C  .  -;ec. 

At  the  47-inch  level,  the  horizontal  and  vertical  gages  located 
along  the  centerline  indicate  that  the  ratio  of  the  horizontal  to 
vertical  pressures  was  slightly  greater  than  1  at  the  times  plotted. 
The  curves  also  indicate  that  the  pressure  in  the  free  field  was 
very  similar  to  that  at  the  centerline.  Any  arching  action  that  ex¬ 
isted  at  this  level  was  only  minor,  since  the  pressure  distribution 
was  not  disturbed.  No  horizontal  gage  was  placed  at  the  4l-inch 
level,  but  the  vertical  pressure  was  similar  to  that  recorded  at  the 
47-inch  level  for  10  and  12.5  msec.  At  the  33-inch  level,  the 
horizontal- to-vertical  pressure  ratio  near  the  centerline  was  1  at  4 
msec,  larger  than  1  at  10  msec,  and  jumped  back  to  a  value  consider¬ 
ably  less  than  1  at  12.5  msec.  These  readings  indicate  that  the 
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direction  of  the  principal  stress  over  the  device  changed  during  the 
test. 

The  4.5-inch  gage  at  the  35-inch  level  clearly  indicates  the 
unloading  action  of  the  structure  to  the  soil.  This  loading  at  the 
35-inch  level  evidently  affected  the  gages  farther  out  at  the  30- 
and  24-inch  levels.  The  gages  under  the  device  at  the  27-inch  level 
registered  higher  pressures  than  those  in  the  free  field. 

Figure  64c  for  Test  l4  shows  the  buildup  of  pressure  with  depth. 
The  pressure  in  the  free  field  was  practically  uniform  to  the  24-inch 
level.  The  close-in  gages  at  the  35-  and  30-inch  levels  clearly  in.- 
dicate  the  arching  action  as  the  structure  unloaded  to  the  soil  in 
its  vicinity.  The  gages  underneath  the  device  at  the  24-  and  27-inch 
levels  show  the  sheltering  action  which  the  flexible  structure  pro¬ 
vided.  The  ratio  of  the  horizontal  to  vertical  stress  at  the  32.5- 
inch  level  varied  from  near  1  to  less  than  1  as  shown  in  Figure  64c. 

There  were  a  series  of  horizontal  and  vertical  gages  above  the 
test  device  at  the  47-,  4l-,  and  38-inch  levels.  At  the  47-inch 
level,  the  pressure  and  pressure  ratio  did  not  change  noticeably  in 
the  4-  to  8-msec  time  frame.  The  ratio  of  horizontal  to  vertical 
pressure  varied  from  0.84  to  0.88  during  the  test.  The  principal 
stress  was  near  vertical  during  the  entire  test  and  appeared  to  have 
been  unaffected  by  the  presence  of  the  structure.  At  the  40-  to 
4l-inch  le\el,  the  ratio  varied  from  1.0  to  1.14  during  the  test. 
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The  horizontal  pressure  had  begun  to  predominate  at  this  level; 
therefore,  it  appears  to  have  been  affected  by  the  arching  action 
around  the  structure.  At  the  38-inch  level,  the  effects  of  arching 
were  more  noticeable,  as  can  be  seen  in  Figure  64c.  Initially  the 
3«5“inch  radius  gages  showed  a  horizontal  to  vertical  ratio  of  I.83. 
With  time  the  ratio  dropped  to  approximately  1.  The  changes  of  the 
ratio  of  horizontal  to  vertical  soil  pressure  indicate  that  a  large 
component  of  horizontal  stress  developed  as  the  structure  deflected 
and  the  soil  tended  to  fail.  As  the  pressure  increased,  the  soil  be¬ 
came  saturated  and  the  pressure  ratio  moved  toward  1. 

At  the  5.5-inch  radius  of  the  38-inch  level  the  horizontal- to- 
vertical  pressure  ratio  varied  from  1.35  at  4  msec  to  1.06  at  8  msec. 
At  the  8-inch  radius,  the  ratio  was  1.16  and  1.05.  The  10-inch  ra¬ 
dius  gages  registered  a  ratio  of  1.25  at  4  msec  and  0.84  at  8  msec. 
From  these  ratios  it  appears  that  the  arching  effects  extended  to  a 
radius  somewhere  between  6  and  10  inches. 

The  distribution  of  soil  pressure  with  depth  for  Test  18,  Fig- 
vu'a  65a,  is  very  interesting  since  this  test  used  the  highest  surface 
pressure  on  the  tallest  specimen  in  the  test  program.  As  in  previous 
tests,  the  buildup  of  pressure  at  the  6-inch  level  was  slow.  Even 
with  an  incident  pressure  in  excess  of  300  psi,  the  entire  specimen 
was  not  loaded  until  a  considerable  time  after  the  pressure  initia¬ 
tion  at  the  surface.  In  Figures  C-30  and  C-31,  Appendix  C,  the 
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effects  of  the  clay  soil  on  the  shape  of  the  pressure  pulse  as  it 
traveled  through  the  soil  can  be  seen.  The  effects  of  the  steep 
front  also  cpu  be  seen  in  Figure  65a  at  8  and  12  msec.  Strong  re¬ 
flected  pressure  in  excess  of  1,000  psi  occurred  after  15  msec. 

Table  6  shows  that  the  maximum  load  acted  on  the  structure  at  8  msec. 

The  pressure  gradient  between  the  top  and  bottom  of  the  struc¬ 
ture,  seen  in  Figure  65a,  probably  contributed  to  this  high  loading. 
Between  8  and  14  msec  the  loading  in  the  free  field  at  the  30-  and 
35-inch  levels  appears  to  be  fairly  uniform.  By  14  msec  the  free- 
field  pressures  at  the  71-inch  level  were  decaying. 

The  horizontal  and  vertical  pressure  gages  located  above  the 
device  at  the  53-inch  level  indicate  that  the  vertical  pressure  was 
approximately  the  same  as  that  found  in  the  free  field.  The  ratio 
of  the  horizontal  to  vertical  pressures  varied  from  1.07  to  1.0. 
Except  for  the  very  early  time  i-^aes,  prior  to  8  msec,  the  ratio 
exceeded  1.  Table  6  and  Figure  65a  indicate  that  the  structure  ex¬ 
perienced  very  little  load  until  8  msec. 

At  the  47-inch  level  the  horizontal-to-vertical  pressure  ratio 
was  considerably  less  than  1,  varying  from  0.7 6  to  O.83  during  the 
time  span  shown  in  Figure  65a.  From  8  to  12  msec  the  vertical  pres¬ 
sure  at  this  level  was  higher  than  that  found  6  inches  above  or  below 
it. 

At  the  4l-inch  level  the  horizontal  pressures  were  very  high. 
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The  horizontal-to-vertical  pressure  ratio  varied  from  1.11  to  1.20. 
This  is  a  strong  indication  of  arching  action  at  this  level. 

At  8  msec  the  horizontal-to-vertical  pressure  ratio  was  1.00  at 
the  38-inch  level.  Some  arching  action  was  taking  place  at  this 
level.  The  lower  vertical  pressures  at  this  level  as  compared  to 
the  levels  above  it  also  indicate  the  unloading  effect  of  the  flex¬ 
ible  structure  3  inches  below. 

Figure  65a  indicates  that  the  structure  affected  the  loading 
of  the  soil  above  it  to  approximately  the  53“inch  level.  The  major¬ 
ity  of  the  unloading  appeared  to  occur  at  a  height  of  approximately 
6  inches  above  the  device,  one  structure  diameter. 

At  the  35-inch  level,  the  loading  of  the  soil  by  the  structure 
is  very  noticeable  in  Figure  65a.  The  effect  also  can  be  seen  at  the 
30-inch  level  at  the  early  time  frames;  the  structure  evidently 
sheltered  the  soil  directly  underneath.  This  can  be  seen  at  both 
the  24-  and  27-inch  levels. 

Figure  65b  for  Test  19  shows  two  curves  derived  from  data  taken 
very  early  in  the  test.  There  was  a  characteristic  pressure  buildup 
at  the  30"  to  35-inch  level  near  the  device  as  it  unloaded  onto  the 
soil.  Note  that  this  action  occurred  between  3  and  6  msec. 

At  the  32.5-inch  level  there  were  gages  measuring  horizontal 
pressure  both  in  the  free  field  and  next  to  the  device.  The  free- 
field  gages  showed  horizontal-to-vertical  pressure  ratio  considerably 
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less  than  1  throughout  the  major  portion  of  the  test.  The  close-in 
gages  varied  from  a  ratio  of  approximately  1.9  to  1. 

In  this  test  a  gage  measuring  horizontal  pressure  was  placed 
under  the  device  at  the  27-inch  level.  The  ratio  of  horizontal  to 
vertical  pressure  at  this  level  was,  as  expected,  considerably 
greater  than  1  throughout  the  test. 

Figure  66a  shows  the  distribution  of  soil  pressure  for  Test  22. 
This  test  was  very  interesting  in  several  respects.  First,  the  ver¬ 
tical  pressure  gages  directly  above  the  device  at  the  38-  and  40-inch 
levels  show  that  the  soil  unloaded  as  the  device  deflected.  The 
horizontal  pressure  gage  above  the  device  confirmed  the  arching  ac¬ 
tion.  It  indicated  a  horizontal- to- vertical  pressure  ratio  greater 
than  1.  The  horizontal- to-vertical  pressure  ratio  in  the  free  field 
at  the  same  level  was  considerably  less  than  1.  The  greatest  unload¬ 
ing  is  shown  by  the  vertical  pressure  gage  at  the  38-inch  level. 

Figure  66b  shows  the  soil  pressure  distribution  for  Test  23* 

This  device  was  the  most  flexible  one  used  in  the  test  program.  A 
6-inch  layer  of  soil  was  placed  above  the  device.  The  array  of  gages 
along  the  centerline  above  the  device  indicated  that  arching  influ¬ 
enced  the  soil  up  to  at  least  the  39~i-nch  level.  The  horizontal- to- 
vertical  pressure  ratio  at  the  39~inch  level  was  much  greater  than  1 
and  remained  constant  for  the  two  times  shown  in  the  figure.  The 
characteristic  large  decrease  in  the  vertical  pressure  and  the  high 
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ratio  of  horizontal  to  vertical  pressure  also  were  observed  at  the 
37-inch  level.  The  gages  close  to  the  device  at  the  35-inch  level 
did  not  show  the  normal  sharp  increase  in  pressures  because  the 
very  flexible  device  caused  the  high  stresses  to  be  arched  over 
these  gages. 

The  horizontal  and  vertical  gages  below  the  device  at  the  27- 
and  24-inch  levels  indicated  interesting  results.  At  the  27-inch 
level  the  vertical  pressure  rose  sharply  at  10  msec  to  exceed  the 
free-field  pressure,  while  at  4  msec  the  pressure  appeared  to  be 
fairly  uniform.  The  horizontal  pressures  were  less  than  the  vertical 
pressures  at  both  time  intervals.  At  the  24-inch  level  the  vertical 
pressures  indicated  the  sheltering  action  of  the  structure.  The  hor¬ 
izontal  pressures  exceeded  the  vertical  pressures  at  this  level. 

Figure  66c  for  Test  25  does  not  contain  many  gage  readings  since 
this  was  one  of  the  tests  in  which  gages  were  placed  vertical,  hori¬ 
zontal,  and  at  45  degrees .  Only  the  vertical  and  horizontal  gage  re¬ 
sults  are  in  the  figure.  At  the  35-inch  level,  the  gages  close  to 
the  test  device  registered  less  than  the  gages  in  the  free  field. 

The  actions  above  and  beside  the  device  indicate  that  it  was  a  stiff 
device  and  therefore  attracted  load. 

Figures  67a,  b,  and  c  are  examples  of  the  pressure  versus  depth 
curves  for  the  preliminary  dynamic  tests.  No  test  devices  were  in¬ 
stalled  for  these  tests.  In  these  figures  it  is  important  to  note 
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the  pressure  buildup  with  time  and  depth.  At  high  pressures,  Tests  C 
and  F,  the  test  chamber  attained  fairly  uniform  pressure  conditions  by 
8-10  msec  after  the  initiation  of  the  bonnet  pressure.  Uniform  pres¬ 
sure  conditions  at  the  30-  to  35-inch  levels  were  attained  prior  to 
6  msec.  For  the  lower  pressure  test,  Figure  67b,  the  sidewall  fric¬ 
tion  effects  are  evident.  Uniform  pressure  conditions  at  the  30-  to 
35-inch  levels  were  attained  at  10-14  msec.  The  scatter  in  the  pres¬ 
sure  data  is  an  indication  of  the  magnitude  of  scatter  that  should  be 
visualized  in  inspecting  Figures  64-66.  Comparison  of  Figure  67 
curves  with  the  curves  in  Figures  64-66  illustrates  the  effects  of 
the  structure  on  the  soil  pressures. 

Figure  68  consolidates  the  data  on  the  horizontal-to-vertical 
pressure  ratios.  The  full  range  of  the  ratio's  variation  throughout 
each  test  is  shown  by  the  length  of  the  arrows.  This  ratio  appears 
to  be  a  good  indication  of  the  type  and  extent  of  arching  taking 
place . 

Figure  68a  shows  the  variation  of  the  horizontal-to-vertical 
soil  pressure  ratio  above  the  device  for  Test  13.  Although  there 
was  probably  some  arching  action  at  the  38-inch  level,  the  higher 
horizontal  pressures  at  the  4l-  and  47-inch  layers  indicate  that 
there  was  a  large  amount  of  arching  action  at  these  levels.  From 
Figure  68a,  it  can  be  seen  that  the  arching  action  acted  at  least  to 
the  47-inch  layer  for  a  pressure  of  approximately  150  psi. 
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Figure  68b  shows  the  horizontal-to-vertical  pressure  ratio  for 
Test  14.  In  this  test,  the  device  was  buried  at  the  same  depth  of 
burial  as  for  Test  13,  but  the  test  pressure  was  approximately 
245  psi.  At  the  38- inch  level  the  vertical  pressure  exceeded  the 
horizontal  pressure  except  for  an  initial  spike  at  4  msec.  At  the 
4l-inch  level,  the  horizontal  pressure  exceeded  the  vertical  pres¬ 
sure.  At  the  47-inch  level,  the  vertical  pressure  exceeded  the  hori¬ 
zontal  pressure.  Evidently  most  of  the  arching  occurred  below  the 
47-inch  level  and  above  the  38-inch  level. 

In  Test  14  an  array  of  horizontal  and  vertical  pressure  gages 
was  distributed  in  a  horizontal  direction  between  the  35-  and  37- 
inch  levels.  Figure  68c  shows  the  variation  of  the  horizontal-to- 
vertical  pressure  ratio  with  radial  distance  from  the  centerline  of 
the  test  chamber.  Close  to  the  device  the  horizontal  pressure  ex¬ 
ceeded  the  vertical  pressure  by  a  considerable  margin.  At  the 
8- inch  radius,  the  horizontal  pressure  exceeded  the  vertical  pressure 
but  not  by  as  much  as  at  the  5.5-inch  radius. 

Figure  68d  shows  the  horizontal-to-vertical  pressure  ratio  for 
Test  18.  At  some  depths  the  horizontal  pressure  exceeded  the  verti¬ 
cal  pressure  and  at  locations  in  between  these  depths  the  vertical 
pressure  exceeded  the  horizontal  pressure.  A  large  amount  of  load 
transfer  appeared  to  have  taken  place  in  the  vicinity  of  the  4l-inch 
level.  At  the  47-inch  level,  the  vertical  pressure  predominated. 
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The  horizontal  pressure  predominated  again  at  the  53-inch  level. 

Figure  68e  shows  the  variation  of  the  horizontal-to-vertical 
pressure  ratio  for  Tests  20,  23  ,  24,  and  25-  Test  20  used  a  flexible 
device  and  Test  23  used  the  most  flexible  structure  of  the  series. 

The  devices  used  in  Tests  24  and  25  were  stiff er  than  the  soil. 

For  Test  20,  the  horizontal-to-vertical  pressure  ratio  4  inches 
above  the  device  was  considerably  greater  than  1.  This  result  was 
confirmed  in  Test  23.  In  the  free  field  at  the  same  level,  the  ratio 
was  less  than  1  which  indicates  that  arching  had  no  effect  at  the 
l4-inch  radius. 

In  addition  to  confirming  the  results  of  Test  20,  Test  23  indi¬ 
cates  that  a  very  large  horizontal-to-vertical  pressure  ratio  existed 
2  inches  above  the  device.  With  this  very  weak  device  and  the  rela¬ 
tively  low  pressure,  a  large  amount  of  arching  evidently  was  taking 
place  at  this  level.  The  pressure  ratios  beside  and  below  the  device 
also  are  shown  for  this  test  in  Figure  68e.  At  the  32.5-inch  layer, 
the  gages  at  the  4-inch  radius  indicated  the  unloading  that  took 
place  near  the  device  during  this  test.  The  gages  at  the  l6-inch  ra¬ 
dius  appear  to  indicate  that  the  pressure  distribution  from  the 
35-inch  level  or  actions  instigated  by  the  chamber  walls  changed  the 
direction  of  the  principal  stress. 

The  results  shown  for  Tests  24  and  25  show  what  can  be  expected 
when  the  structure  is  stiffer  than  the  soil.  In  this  case,  the  soil 
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above  the  device  experienced  large  vertical  loads.  Horizontal  and 
vertical  gages  were  located  at  the  centerline  and  at  a  2-inch  radius 
for  these  two  tests.  The  pressure  ratio  were  much  less  than  those 
for  the  flexible  device  or  for  the  free  field  in  most  cases. 

From  pressure  ratio  curves  and  the  pressure  distribution  pro¬ 
files  with  depths,  it  appears  that  the  height  of  soil  above  the  de¬ 
vice  that  was  affected  by  arching  action  was  dependent  upon  the  sur¬ 
face  pressure  and  the  stiffness  of  the  device  at  a  given  depth  of 
burial.  This  subject  is  discussed  more  fully  in  later  sections  of 
the  report. 

As  explained  in  Section  4.2.2,  an  effort  was  made  to  determine 
the  direction  of  the  principal  stress  and  the  shear  planes  within  the 
soil  specimen  by  the  use  of  a  series  of  three  gage  arrays  of  soil 
pressure  transducers.  The  derivation  and  explanation  given  in  Sec¬ 
tion  4.2.2  will  not  be  repeated  in  this  section.  This  technique  was 
tried  during  Test  24  and  the  repeat  test  on  the  same  specimen, 

Test  25.  Because  of  the  high  mortality  rate  of  the  SE  gages  during 
the  latter  part  of  the  dynamic  test  program,  only  four  arrays  could 
be  installed.  During  the  tests,  at  least  one  gage  in  every  array  ex¬ 
cept  one  failed  to  function.  This  array  was  located  3  inches  above 
the  test  device  as  shown  in  Figure  69 . 

With  the  small  amount  of  information  available,  it  was  not  pos¬ 
sible  to  draw  significant  plots  of  stress  within  the  soil  specimen. 
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However,  the  results  from  the  one  functioning  array  in  Test  24  are 
interesting.  The  Mohr's  circles  of  stress  for  various  times  are 
shown  in  Figure  69a.  As  the  surface  pressure  increased  and  the  ef¬ 
fects  of  the  test  device  were  felt  by  the  soil,  the  direction  of  the 
principal  stress  moved  to  a  position  which  pointed  toward  the  top  of 
the  test  device.  This  progressive  movement  can  be  seen  in  the  figure. 
Note  that  after  3  msec,  this  direction  remained  relatively  constant. 
The  direction  of  the  principal  stress  was  that  to  be  expected  in  a 
passive  arching  test.  Compare  this  final  direction  with  that  shown 
in  Figure  34.  In  this  figure,  the  final  direction  is  away  from  the 
test  device  as  is  to  be  expected  for  an  active  arching  test. 

Similar  results  were  noted  at  the  4l-  and  47-inch  levels  above 
the  device  in  Test  8.  The  maximum  shear  stress  of  33  psi  and  the 
maximum  principal  stress  of  54.8  psi  occurred  at  8  msec.  The  surface 
pressure  at  this  time  was  32  psi.  The  maximum  pressure  on  the  dev'ce, 
4l.6  psi,  occurred  at  6  msec.  The  Mohr's  circle  for  4  msec,  not 
shown  in  Figure  69,  indicated  a  small  amount  of  tension.  There  was 
a  large  jump  in  the  amount  of  pressure  acting  on  the  device  at  this 
time,  Table  6.  At  8  msec,  considerable  tension  is  indicated.  What 
appear  to  be  tension  cracks  in  the  soil  are  shown  later  in  this 
chapter . 

After  8  msec,  the  Mohr's  circles  began  to  decrease  in  size  de¬ 
spite  the  fact  that  the  surface  pressure  remained  relatively  constant 
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until  sometime  after  20  msec.  The  20-msec  circle  is  shown  in  the 
figure  as  an  example.  After  4  msec,  the  centers  of  the  circles  were 
shifted  sufficiently  to  the  right  to  always  indicate  that  tension 
existed.  At  100  msec,  the  surface  pressure  was  25  psi,  and  1  psi  of 
tension  was  shown. 

The  direction  of  the  planes  of  maximum  shear  are  indicated  in 
Figure  69b. 

Figure  70  shows  the  results  of  Test  25.  A  maximum  surface  pres¬ 
sure  of  52  psi  was  utilized  in  this  test.  The  previous  test  on  this 
soil  specimen  may  have  affected  the  initial  direction  of  the  prin¬ 
cipal  stress.  Note  that  the  final  position  for  Test  24  was  39.4 
degrees  and  the  initial  direction  for  Test  25  was  30  degrees.  The 
direction  at  maximum  was  38.5  degrees  for  Test  24  and  38.3  degrees 
for  Test  25.  At  100  msec,  Tests  24  and  25  results  indicate  direc¬ 
tions  of  39.3  and  39.4  degrees,  respectively. 

The  characteristic  buildup  of  concentric  circles  to  a  maximum  at 
10  msec  and  the  decrease  in  circle  size  after  this  time  were  noted  in 
Test  25.  The  center  of  the  circles  again  shifted  first  to  the  left 
and  then  back  toward  the  origin  after  4  msec. 

The  maximum  pressure  on  the  device,  77  psi,  occurred  at  7  msec. 
Table  6.  The  principal  stress  at  the  location  shown  in  Figure  70b 
was  8l  psi,  the  vertical  stress  was  44  psi,  and  the  45-degree  stress 
was  80  psi  at  this  same  time. 
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4.3*4  Deflection  Curves.  In  this  section  the  deflection  versus 


time  curves  for  the  soil  and  the  test  device  are  discussed.  Normally 
there  were  two  deflection  gages  under  the  base  of  the  device  and  two 
deflection  gages  measuring  the  deflection  of  the  top  of  the  device 
relative  to  its  base.  In  addition,  there  were  usually  four  deflec¬ 
tion  gages  in  the  soil.  These  gages  were  either  arrayed  horizon¬ 
tally  at  the  level  of  the  top  of  the  device  or  vertically  in  the  free 
field  above  and  below  the  device.  Differences  among  these  curves  and 
between  these  and  those  for  the  static  tests  involve  primarily  total 
deflections  and  the  relation  of  the  structure’s  deflection  to  that  in 
the  soil. 

Figure  71a  for  Test  11  showi;  that  the  deflection  of  the  device 
base  was  greater  than  that  of  the  soil  at  the  same  level  even  though 
the  indicated  load  on  the  device  was  less  than  that  in  the  free 
field.  Evidently  the  device,  which  was  denser  than  the  soil,  was 
driven  by  the  dynamic  effects.  The  total  deflection  of  the  top  of 
the  device  was  very  close  to  that  registered  by  the  soil  10  inches 
from  the  centerline  at  the  38-inch  level.  The  deflection  at  the  top 
of  the  device  was  large  as  compared  to  the  soil  in  the  so-called  free 
field  at  the  same  level.  Thus,  the  top  and  bottom  of  the  flexible 
structure  deflected  more  than  the  soil  in  the  free  field  at  the  same 
level . 

Test  12  involved  a  structure  of  the  same  relative  stiffness  as 
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that  in  Test  11  but  the  surface  pressure  was  almost  twice  that  in 
Test  11.  In  Figure  71b  the  soil  deflection  at  the  5*5-  and  6.5-inch 
radii  was  approximately  the  same  as  the  total  deflection  of  the 
device.  This  indicates  that  the  structure  and  the  soil  in  its  im¬ 
mediate  vicinity  deflected  together  or  interacted  so  that  the  pres¬ 
sure  exchange  maintained  approximately  the  same  deflection.  All 
three  of  these  deflections  were  greater  than  the  deflection  in  the 
free  field  at  a  radius  of  16  inches.  These  results  are  consistent 
with  the  pressure  profile  in  Figure  60b. 

The  base  of  the  device  moved  farther  than  the  soil  at  the  same 
level.  As  will  be  seen  throughout  the  dynamic  deflection  data,  the 
relative  deflection  of  the  base  was  in  the  opposite  direction  during 
active  arching  tests  to  that  found  in  the  same  type  of  static  test. 

The  deflection- time  curve  for  Test  15,  Figure  72a,  depicts  the 
results  when  a  flexible  device  was  buried  with  only  2  inches  of  soil 
above  it.  Total  deflection  of  the  top  of  the  device  up  to  approxi¬ 
mately  8  msec  was  the  same  as  the  soil  at  the  5*5-inch  radius.  After 
this  time,  the  total  deflection  exceeded  the  deflection  of  all  soil 
gages.  At  100  msec  the  deflection  at  the  top  was  approximately  the 
same  as  at  the  5 • 5-inch  gage. 

The  deflection  of  the  base  of  the  device  was  about  the  same  as 
the  soil  at  the  30-inch  level  until  approximately  8  msec.  Then  the 
base  deflection  began  to  exceed  that  of  the  soil  by  a  considerable 
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amount.  At  18  msec  it  was  practically  the  same  as  the  soil  deflec¬ 
tion  at  the  5 -5-inch  radius  at  the  35-inch  level,  and  exceeded  the 
deflection  of  the  soil  at  a  radius  of  5*5  inches  at  the  30-inch 
level.  During  rebound,  the  base  deflection  was  approximately  the 
same  as  that  at  the  5* 5-inch  gage  at  the  30-inch  level.  Notice  that 
the  5 '5-inch  gage  in  the  soil  at  the  30-inch  level  deflected  more 
than  the  l4-inch  gage  after  approximately  13  msec.  This  pattern  of 
greater  deflections  near  the  device  was  seen  in  all  of  the  active 
arching  tests,  both  static  and  dynamic.  This  deformation  pattern  is 
consistent  with  the  pressure  data  discussed  in  the  previous  section. 
It  also  shows  the  time  required  for  the  pressure  change  induced  by 
arching  to  take  effect  at  the  30- inch  level. 

In  Test  16  the  device  was  buried  at  6  inches  and  was  more  flex¬ 
ible  than  the  soil.  The  deflect  ion-time  curves  in  Figure  72b  are 
similar  to  those  for  the  previous  tests.  The  effects  of  depth  of 
burial  can  be  observed  if  the  results  are  compared  with  the  curves 
from  Tests  11  and  15.  In  this  test  the  deflection  of  the  base  of  the 
device  exceeded  that  in  the  free  field  at  the  same  level.  The  total 
deflection  of  the  top  of  the  device  was  approxii  ately  the  same  as 
that  of  the  soil  at  the  5 '5-inch  radius  at  the  35-inch  level  and  ex¬ 
ceeded  that  of  the  free  field  at  a  height  of  38  inches. 

Test  18  was  a  deep,  high  pressure  test.  The  test  device  was 
buried  42  inches  below  the  surface.  The  deflection  curves  in 
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Figure  73a  indicate  that  it  took  several  milliseconds  for  the  pres¬ 
sure  to  reach  the  deflection  gages.  The  deflection  of  the  base  of 
the  device  started  sooner  than  the  soil  at  the  same  level,  but  was 
only  slightly  larger  than  the  deflection  in  the  soil  at  that  level 
until  the  reflections  hit  the  device.  The  total  deflection  of  the 
top  of  the  device  was  approximately  the  same  as  the  deflection  of 
the  soil  at  a  radius  of  8  inches  at  times  less  than  approximately 
10  msec.  Then,  the  effects  of  arching  seemed  to  take  over  and  the 
soil  showed  the  effect  of  being  loaded  by  the  device.  At  about 
13  msec  the  deflection  of  the  8-inch  gage  at  the  35-inch  level 
showed  the  results  of  the  load  being  arched  onto  the  soil  by  the 
structure.  The  deflection  of  the  structure  exceeded  that  of  the  soil 
in  the  free  field  at  the  same  level  throughout  the  test.  The  struc¬ 
ture  deflection  was  not  plotted  for  the  time  interval  in  which  the 
severe  reflection  occurred. 

The  deflection  curves  in  Figure  73^  sure  examples  of  the  data 
which  resulted  from  the  use  of  a  very  flexible  device  at  a  depth  of 
burial  of  6  inches  in  Test  23-  Early  in  the  test,  the  deflection  of 
the  base  of  the  device  was  less  than  that  of  the  soil  at  the  same 
level.  At  8  msec  and  later  times,  the  base  deflection  exceeded  that 
of  the  soil  at  the  30-inch  level.  The  very  flexible  device  deflected 
more  than  the  soil  at  the  4l-inch  level.  This  is  a  good  measure  of 


204 


the  large  amount  of  deflection  which  may  be  expected  with  such  a 
structure . 

The  deflection- time  curves  for  Test  24  in  Figure  74a  are  a  good 
example  of  the  type  which  resulted  from  using  a  device  stiffer  than 
the  soil.  The  deflection  of  the  base  of  the  device  exceeded  that  of 
the  soil  at  the  same  level  by  a  considerable  margin,  except  very 
early  in  the  test.  This  deflection  was  understandable  since  the 
stiff  device  attracted  an  increased  load.  Because  of  the  device 
stiffness,  the  top  showed  very  little  deflection.  The  deflection 
of  the  soil  at  a  radius  of  12  inches  exceeded  that  at  a  radius  of 
5-5  inches.  This  was  due  to  the  device  attracting  load  from  the  soil 
in  its  vicinity. 

Figure  74b  shows  the  deflection-time  curves  for  Test  27B.  These 
curves  resulted  from  the  loading  of  a  very  stiff  device  buried 
6  inches  in  the  soil.  The  symbol  used  for  the  base  deflection  is 
also  the  total  deflection  of  the  top.  The  base  deflection  far  ex¬ 
ceeded  the  deflection  of  the  soil  at  the  same  level.  Early  in  the 
test,  until  about  6  msec,  the  deflection  of  the  base  was  almost  equal 
to  the  deflection  at  the  5.5-  and  6.5-inch  radii  at  the  35-inch  level. 
The  deflection  of  the  soil  at  a  radius  of  5-5  inches  was  not  as  large 
as  that  at  a  radius  of  6.5  inches  at  the  35-inch  level.  This  was  due 
to  the  attraction  of  load  from  the  soil  by  the  stiff  structure. 

The  deflection  curves  for  preliminary  tests  E  and  F  in  Figure  75 
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can  be  compared  with  tests  at  somewhat  similar  pressures  and  depths 
of  burial  in  Figures  71a,  72b,  and  74.  The  curves  in  Figure  75  show 
the  deflection  in  the  soil  at  the  24-,  36-,  and  42-inch  levels.  The 
relative  deflections  and  times  of  initiation  appear  reasonable. 

4.3.5  Acceleration  Data.  For  all  of  the  dynamic  tests,  accel¬ 
erometers  were  placed  in  the  free  field  of  the  soil  specimen  and  also 
on  the  base  and  top  of  the  test  device.  From  the  records  of  these 
accelerometers,  it  is  possible  to  study  the  variation  of  acceleration 
with  depth.  In  addition  it  is  possible  to  see  the  relation  between 
the  accelerations  of  the  structure  and  free  field.  In  Figures  76  and 
77,  much  of  the  acceleration  data  has  been  consolidated.  All  accel¬ 
erometer  records  are  available  in  Appendix  C. 

In  Figure  76  the  variation  of  the  soil  and  structure  accelera¬ 
tion  with  depth  and  surface  pressure  is  shewn.  Only  peak  accelera¬ 
tions  are  included.  Accelerations  due  to  reflected  pressures  are 
excluded.  All  tests  included  in  Figure  76  were  designed  so  that  the 
relative  stiffness  of  the  structure  and  soil  would  be  the  same.  This 
was  not  possible  in  all  cases  as  is  shown  in  Table  2,  but  the  stiff¬ 
ness  was  close  enough  to  allow  a  comparison  of  the  acceleration  data. 
The  stiffness  chosen  was  such  that  the  structure  would  be  0.7  as 
stiff  as  the  soil. 

As  might  be  expected,  there  was  an  increase  in  the  structure  and 
soil  accelerations  at  a  particular  depth  of  burial  with  an  increase 
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in  the  surface  pressure.  There  are  some  abnormalities  in  the  free- 
field  data.  These  are  points  which  do  not  plot  within  the  data  for 
a  particular  surface  pressure.  These  points  have  been  numbered  with 
the  test  numbers  that  correspond  to  these  data.  Two  tests  in  partic¬ 
ular  seem  to  present  erratic  data--Test  15  in  the  37-  to  39~psi 
group  and  Test  19  in  the  151-  to  157-psi  group.  In  both  of  these 
tests  shallow  depths  of  burial  were  used,  i.e.  2  inches  for  Test  15, 
and  6  inches  for  Test  19.  The  point  plotted  at  the  6-inch  depth  for 
the  free  field  of  Test  18  also  appears  to  be  low  compared  to  the  re¬ 
mainder  of  the  data  from  this  test  and  Test  14  data. 

For  the  device  used  in  these  tests,  it  was  found  that  the  struc¬ 
tural  accelerations  exceeded  the  free-field  accelerations  at  the 
same  elevations.  The  one  exception  was  the  top  of  the  structure  in 
Test  15.  In  Test  15  the  structure  was  so  near  the  surface  that  anom¬ 
alies  were  likely  considering  the  rise  time  of  the  pressure  pulse  at 
this  depth.  There  appears  to  be  a  linear  relation  between  depth  and 
both  structure  and  soil  accelerations.  For  example,  the  37-  to 
39-psi  data  show  three  structures  at  three  depths  of  burial.  Except 
for  Test  15,  all  data  appear  to  plot  on  a  straight  line.  Similar  oc¬ 
currences  were  noted  in  the  151-  to  157-psi  data  and  in  the  2U0-  to 
245-psi  data.  In  general,  the  soil  accelerations  were  less  than  the 
structure  accelerations,  except  as  previously  noted,  and  the  accel¬ 
eration  of  the  structure  base  was  less  than  that  of  the  top.  The 
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results  appear  reasonable  considering  the  relative  flexibility  of  the 
device,  except  for  the  anomalies  noted  in  Tests  15  and  19. 

The  data  from  the  repeat  tests  on  the  Test  11  specimen  indicated 
interesting  results.  Although  the  pressure  was  only  about  3  psi 
higher  than  that  used  in  Test  11,  there  was  considerable  change  in 
the  accelerations  of  the  structure  and  the  soil.  This  change  does 
not  appear  to  be  due  only  to  pressure.  The  densification  of  the  soil 
and  the  increase  in  soil  saturation  had  some  effect. 

If  the  free-field  accelerations  at  a  particular  depth,  for  ex¬ 
ample  23  inches,  are  examined,  there  appears  to  be  a  direct  relation 
between  the  surface  pressure  and  the  soil  accelerations.  These  re¬ 
sults  are  logical  and  confirm  previous  work  in  this  area  (Newmark 
and  Haltiwanger ) .  An  examination  of  structure  accelerations  at  the 
same  depth  also  shows  that  a  linear  relation  exists  between  surface 
pressure  and  these  accelerations. 

An  important  point  to  note  in  Figure  76  is  the  sharp  decrease 
in  the  structure  and  soil  accelerations  with  only  a  small  increase 
in  depth.  This  phenomenon  is  important  to  both  the  structure  and 
equipment  designer. 

Figure  77a  is  a  more  detailed  picture  of  the  relation  between 
accelerations  at  a  particular  depth  and  surface  pressure.  The  test 
devices  involved  were  designed  to  have  the  same  flexibility  in  rela¬ 
tion  to  the  soil  at  a  particular  pressure  level  for  all  four  tests. 
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As  previously  explained,  the  test  results  showed  that  the  relative 
flexibility  was  not  exactly  identical. 

Figure  77b  shows  the  variation  of  structural  acceleration  with 
a  change  in  structure  stiffness.  All  tests  were  at  a  constant  scaled 
depth  of  burial  of  1.  The  free-field  soil  data  also  have  been  plot¬ 
ted  so  that  the  consistency  of  the  data  can  be  studied.  There  are 
several  important  points  to  note  in  this  figure.  First  is  the  high 
acceleration  of  the  top  of  the  very  flexible  devices  (Tests  20  and 
23),  and  second,  the  consequent  low  acceleration  of  the  base  of  the 
flexible  structures.  Third,  the  acceleration  of  the  base  tended  to 
increase  as  the  stiffness  of  the  device  increased.  Fourth,  note  the 
consequent  decrease  in  the  acceleration  of  the  top  as  the  structural 
stiffness  increased.  The  acceleration  of  the  top  of  the  structure 
exceeded  that  of  the  free  field  except  for  the  stiff  devices  in 
Tests  26  and  28.  This  was  not  true  for  Test  2b,  but  there  was  very 
little  difference  between  the  soil  and  structure  accelerations. 

These  phenomena  are  reasonable  since  the  flexible  structure 
absorbs  much  of  the  initial  load  in  the  large  deflections  of  the  top. 
Consequently,  the  base  was  loaded  slowly  by  a  small  load.  In  the 
sti-ff  structures,  large  loads  were  immediately  transmitted  to  the 
base,  Test  2 6.  For  Tests  2b  and  26,  Figure  77b  shows  that  the  ac¬ 
celeration  of  the  base  actually  exceeded  that  <?•*•  +vr>  top  by  a  rmall 
amount.  Structures  of  intermediate  stiffness,  i.e.  those  of 
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Tests  22,  24,  and  28,  showed  very  little  variation  in  the  accelera¬ 
tion  of  the  top  with  change  in  stiffness  but  the  acceleration  of  the 
base  decreased  with  a  decrease  in  structure  stiffness. 

The  environment  within  the  test  chamber  during  Test  l4  at 
Pc  =  245  psi  was  so  severe  that  many  instrumentation  cables  were 

O 

severed  with  a  consequent  loss  of  data.  Several  of  the  accelerom¬ 
eters  in  the  soil  and  both  the  accelerometers  on  the  top  of  the  de¬ 
vice  were  lost  in  this  high  pressure  test.  The  range  of  accelera¬ 
tions  used  for  the  top  of  the  Test  14  device  was  determined  by  use 
of  both  the  spectra  data  and  the  actual  accelerations  in  Test  13* 
4.3.6  Dynamic  Effects.  In  order  to  examine  the  dynamic  re¬ 
sponse  of  the  test  device,  it  was  necessary  to  study  the  form  of  the 
pressure  wave  at  the  35-inch  level.  The  initial  arrival  and  rise 
times  were  of  particular  interest.  In  examining  the  pressure  rec¬ 
ords,  a  number  of  difficulties  arose:  the  times  of  initiation  and 
maximum  pressure  peaks  were  not  distinct  in  some  cases;  the  pressure 
wave  did  not  arrive  at  the  35-inch  level  uniformly;  and  the  wave¬ 
form  was  different  at  various  radii,  depths,  and  pressures. 

At  low  pressures,  35-70  psi,  the  initiation  times  were  earlier 
near  the  center  of  the  test  chamber.  At  higher  pressures,  the  initi¬ 
ation  times  at  the  35-inch  level  were  practically  uniform. 

At  low  pressures  the  initial  slope  of  the  pressure-time  relation 
decreased  before  the  maximum  pressure  was  attained,  Figure  78a.  The 
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device  was  not  loaded  instantaneously.  The  load  increased  with  time 
similar  to  the  trace  shown  in  Figure  78b.  The  pressure  rise  time 
varied  depending  on  the  surface  pressure  and  the  depth  of  the  struc¬ 
ture,  Figures  78c  and  d.  The  degree  of  dynamic  amplification  of  the 
load,  if  any,  depended  on  the  rise  time  at  the  level  of  the  top  of 
the  device,  35  inches  from  the  test  chamber  base. 

The  length  of  time  the  load  remained  on  the  structure  and  the 
small  amount  of  load  decay  in  the  time  frame  considered  important 
were  such  that  the  maximum  load  could  be  considered  to  be  maintained 
indefinitely.  The  characteristics  of  the  pressure  traces  can  be 
seen  in  the  figures  of  Appendix  C.  These  traces  vary  from  the  rela¬ 
tively  long  rise  *.imes  with  precursors  for  the  deep,  low-pressure 
tests,  such  as  Figure  C-3,  to  the  almost  instantaneous  rise  to  a 
peak  somewhat  less  than  the  maximum  as  shown  in  Figure  C-lU. 

Table  7  contains  the  rise  times  measured  for  each  test.  Time, 
tf  ,  was  developed  by  constructing  an  idealized  pressure  wave  similar 
to  that  shown  in  Figure  78a.  The  curve  was  constructed  with  equal 
area  under  the  curve  between  initiation  and  maximum.  Most  pressure 
traces  rose  sharply  from  initiation  to  an  intermediate  pressure. 

This  was  followed  by  a  slower  buildup  to  maximum  pressure.  The  rise 
time,  t  ,  was  developed  using  equal  areas  but  only  the  steep  portion 
of  the  trace  was  considered. 

The  test  device  was  idealized  as  a  single-degree-of-freedom  (SDF) 
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system.  In  no  case  was  the  load  sufficient  to  exceed  the  elastic 
range  of  the  spring  system.  Some  degree  of  damping  existed  in  all 
test  structures,  Table  3-  In  the  machined  cylinders,  the  damping 
was  considered  to  be  negligible. 

From  the  previous  work  in  the  dynamic  design  of  aboveground 
structures- -for  example,  Newmark  (1949,  1962,  1964) — it  is  known 
tnat  the  time  rate  of  application  of  the  load  to  a  structure  can 
have  a  significant  effect  on  the  load  and  the  structure  response. 

For  the  idealized  loading  function  and  model  assumed,  the  dynamic 
amplification  factor  (AF)  approaches  a  maximum  of  2  as  shown  by  Mer¬ 
ritt  and  Newmark.  The  equation  for  the  AF  was  found  by  solving  the 
equation  of  motion  for  the  SDF  system  and  forcing  function  assumed. 
The  system  was  considered  to  be  initially  at  rest  and  without 
damping . 

Y  T 

AF  =  r:  =  x+;rsinv£  <12> 

st  r  r 

When  damping  was  added  to  the  system,  the  magnitude  of  the  amplifi¬ 
cation  factor  was  reduced.  The  reduction  factor  was  derived  from 
the  complete  solution  of  the  equation  of  motion.  The  final  values 
for  the  AF  are  shown  in  Table  7* 

It  was  not  possible  to  actually  distinguish  or  measure  dynamic 
effects  by  examining  the  test  records.  The  flexible  structures  ex¬ 
hibited  loads  less  than  the  average  soil  pressure  and  the  stiff 
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structures  exhibited  higher  loads.  But  by  examining  the  values  of 

and  Krp/Ks  columns  in  Table  2,  the  AF  columns  in  Table  7, 

and  the  test  records  in  Appendix  C,  a  pattern  was  distinguished. 

When  the  values  of  P_/P0  were  modified  by  the  AF's  and  compared  with 

i  b 

the  actual  values  of  Kj/Kg  ,  it  was  found  that  very  little  if  any  am¬ 
plification  was  involved  in  Tests  11,  l6,  and  20  through  28.  These 
were  low-pressure  tests  with  scaled  depths  of  burial  varying  from  1  to 
3.  Appreciable  amplification  seemed  to  occur  in  the  high-pressure 
tests,  12-14  and  17-19*  The  amplification  generally  fell  between  the 

factors  calculated  for  t  and  t  ,  but  tended  more  toward  the  value 

r  o 

calculated  using  t 

o 

In  the  process  of  determining  rise  times,  the  initiation  time  of 
the  soil  pressure  gage  nearest  the  device  was  checked  against  the 
initiation  times  of  the  displacement  gages  and  accelerometers  in  the 
test  device.  Generally,  the  accelerometers  attached  to  the  top  of 
the  device  and  the  close-in  soil  gage  initiated  at  approximately  the 
same  time.  The  device  deflection  gages  lagged  the  other  gages  by 
0.5  to  1.0  msec. 

The  deflection  gage  and  the  accelerometer  traces  in  some  of  the 
high-pressure  tests,  such  as  12,  13,  and  14,  appeared  to  vibrate  at 
a  frequency  which  was  unrelated  to  the  measured  period  of  the  struc¬ 
ture.  The  period  of  these  vibrations  varied  from  approximately  l4  to 
16  msec.  Close  examination  of  the  motion  of  the  whole  soil  specimen 
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disclosed  that  the  period  of  its  motion  was  similar  to  that  measured 
by  the  device  gages . 

Examination  of  the  deflection  records  also  disclosed  that  there 
was  very  little  rebound,  except  that  caused  by  reflections,  while 
pressure  was  maintained  on  the  soil  surface.  The  device  appeared  to 
act  like  a  system  approaching  the  critically  damped  condition.  The 
damping  factors  shown  in  Table  3  were  calculated  for  the  unburied 
state.  Once  the  structure  was  buried  and  pressure  exerted  on  the 
surface,  the  soil  pushed  down  on  the  top  and  held  it  near  the  point 
of  maximum  deflection  until  the  surface  pressure  was  released.  Os¬ 
cillatory  motion  such  as  that  shown  in  Figure  C-l  was  not  possible. 
No  free  vibration  was  observed  after  the  surface  pressure  decayed. 

The  data  discussed  in  this  section  indicate  that  rise  time  was 
important  in  determining  the  load  on  the  test  structure  depending 
upon  its  depth  of  burial  and  the  surface  pressure  to  which  it  was 
subjected.  Sizable  amplifications  appeared  to  be  present  even  at  a 
scaled  depth  of  7  when  the  surface  pressure  equaled  310  psi.  Even 
under  controlled  conditions,  there  was  considerable  scatter  in  the 
rise  times  measured  for  tests  at  the  same  lepth  and  surface  pressure. 
Except  for  the  low  pressure  tests,  40  psi  or  less,  the  step-pulse  of 
infinite  duration  would  appear  to  be  a  realistic  assumption  for  the 
loading  condition  just  as  it  is  under  field  conditions  with  large- 
yield  nuclear  weapons.  \t  pressures  below  40  psi,  the  depth  of 
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burial  can  have  a  large  effect  on  the  rise  time,  Figure  78d.  From 
these  results  it  appears  that  a  very  shallow  depth  of  burial  can  be 
very  important  in  the  design  of  structures  for  low  pressures.  Rise 
times  and  their  dependence  on  pressure,  depth,  and  soil  water  con¬ 
tent  will  be  discussed  in  more  detail  in  Appendix  A. 

4.3.7  Soil  Profiles.  The  three  techniques  for  investigating 
soil  deformations  which  were  described  in  Section  4.2.4  for  the 
static  tests  also  were  used  for  the  dynamic  tests.  First,  careful 
measurements  were  made  of  the  exact  location  of  all  instrumentation, 
the  test  device,  and  the  soil  layers  as  they  were  installed  and  re¬ 
moved  from  the  test  chamber.  Second,  as  the  soil  was  removed  after 
the  test,  sketches  and  photographs  were  made  of  the  soil  deforma¬ 
tions.  Third,  X-ray  photographs  were  made  of  undisturbed  block  soil 
samples  after  some  of  the  tests. 

The  soil  deformations  were  investigated  to  determine  the  soil 
deformation  pattern  characteristic  of  passive  and  active  arching.  In 
this  way  it  might  be  possible  to  confirm  the  soil  mechanism  involved 
in  the  arching  action.  Another  objective  was  to  determine  if  there 
was  a  difference  between  the  static  and  dynamic  arching  actions.  The 
remainder  of  this  section  is  devoted  to  an  explanation  of  the  defor¬ 
mation  patterns  observed  and  measured.  Only  representative  photo¬ 
graphs  and  sketches  are  shown  since  the  soil  action  appeared  to  be 
similar  for  similar-type  tests. 
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Test  12  contained  some  distinct  and  interesting  deformation 
patterns  which  are  shown  in  Figure  79.  The  surface  appeared  to  move 
down  uniformly.  Upon  the  removal  of  the  top  3  inches  of  soil,  the 
surface  at  the  50-inch  level  contained  a  distinct  hump  approximately 
l6  inches  in  diameter.  This  hump  is  shown  in  Figure  80a.  As  can 
be  seen  in  Figure  79  >  part  of  the  hump  was  above  the  original  level 
of  the  soil  in  spite  of  the  3/4-inch  reduction  in  overall  sample 
height.  Much  of  the  soil  inside  the  radius  had  a  livery  appearance. 
Inside  the  hump,  a  depression  with  approximately  a  5-l/2-inch  inside 
diameter  was  noticed.  Figure  80b.  This  depression  was  not  directly 
over  the  centerline  but  offset  into  the  southeast  quadrant  by  ap¬ 
proximately  3  inches.  A  ridge  l/4  to  1  inch  in  width  existed  around 
the  outside  of  the  depression.  Figure  79. 

When  the  soil  above  the  50-inch  layer  was  examined,  the  frac¬ 
ture  pattern  indicated  in  Figure  79  was  observed.  Throughout  all  the 
tests,  these  fracture  patterns  were  very  distinct  when  found.  Fig¬ 
ure  8la  shows  a  piece  of  soil  in  which  the  deformation  pattern  has 
been  exposed.  Note  the  slickenside,  glossy  appearance.  In  this 
piece  of  soil  two  fractures  can  be  seen,  but  only  part  of  the  top  one 
was  exposed. 

A  similar  hump  and  depression  were  found  at  the  47-inch  level. 
The  critical  dimensions  are  shown  in  Figure  79.  The  extent  of  the 
hump  and  depression  are  not  exactly  circular  but  irregular. 
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Dimensions  are  given  along  the  south  and  west  radii  when  possible. 

Note  that  the  dimensions  of  the  hump  and  depression  were  not  the  same 
as  for  the  layer  above.  Again  the  fracture  pattern  in  the  soil  was 
examined.  It  was  almost  a  mirror  image  of  the  fracture  pattern 
above  the  depression.  Also  the  invert  of  the  hump-depression  pat¬ 
tern  was  found  in  the  soil  above  the  47- inch  layer.  The  ridges  were 
very  distinct,  as  can  be  seen  in  Figure  8la. 

The  hump-depression  pattern  at  the  4l-inch  level  was  distinct 
in  the  northeast  and  northwest  quadrants.  The  depression  was  not  di¬ 
rectly  below  the  depression  found  at  the  47-inch  level;  it  was  approx¬ 
imately  5  inches  away  in  a  northwesterly  direction.  The  white  sub¬ 
stance  in  Figure  8lb  was  used  in  an  attempt  to  make  the  hump  stand  out 
in  the  photograph. 

At  the  38-inch  layer,  the  hump  and  depression  were  distinct.  The 
depression  developed  closer  to  the  centerline  and  was  much  larger  than 
previously  observed.  The  outside  dimensions  were  8-1/2  inches  along 
the  north-south  axis  and  7-3A  inches  in  an  east-west  direction.  The 
depression  was  very  livery  in  appearance. 

The  soil  directly  above  the  test  device  was  fractured  in  the  pat¬ 
tern  shown  in  Figures  79  and  8la. 

In  general,  the  depressions  appeared  to  become  smaller  with  height 
above  the  device  while  the  hump  appeared  to  grow  larger.  The  deforma¬ 
tion  patterns  were  not  continuous  from  top  to  bottom.  For  example,  the 
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depression  could  not  be  followed  in  the  intermediate  layers  of  soil. 
Over  the  depressions,  a  plug  of  soil  in  the  shape  of  a  dome  was  gen¬ 
erally  found.  For  Test  12,  the  presence  of  the  structure  affected  the 
soil  deformations  to  a  height  at  least  15  inches  above  the  structure. 

An  X-ray  mosaic  was  constructed  for  Test  13  •  The  depression- 
fracture  pattern  described  for  Test  12  was  partially  observed  in  the 
radiographs.  The  depression  was  distinct  at  the  38-  and  50-inch 
levels.  The  fracture  pattern  was  distinct  in  the  35-  to  38-inch 
layer  and  the  53“  to  50-inch  layer.  No  deformations  were  noted  on 
the  soil  surface. 

Since  Test  14  was  one  of  the  two  tests  above  200  psi,  it  was 
studied  as  closely  as  possible.  These  observations  are  shown  in 
Figure  82.  Most  of  the  observations  were  made  along  the  south  ra¬ 
dius  so  only  half  of  the  sketch  has  been  detailed. 

The  surface  appeared  to  move  down  uniformly  except  for  a  small 
mound  that  existed  over  the  centerline  (Figure  82).  At  the  50-inch 
level,  no  depression  was  observed,  but  the  radiograph  mosaic  in  Fig¬ 
ure  83  shows  that  one  existed.  It  was  off  center  to  the  left,  as 
shown  in  this  figure.  A  depression  5_l/2  inches  east-west  by  4-l/2 
inches  north-south  was  seen  clearly  at  the  47-inch  level.  It  also 
was  off  center  similar  to  the  depression  at  the  50- inch  level.  Note 
that  the  mosaic  shows  the  inverse  of  the  depression  clearly  at  the 
bottom  of  the  first  layer.  Because  of  the  necessity  of  reducing  the 
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size  of  the  mosaic  for  publication,  it  is  not  possible  to  see  clearly 
the  deformations  and  patterns  which  were  clear  in  the  full-size  mo¬ 
saic.  When  the  full-size  mosaic  was  inspected  with  a  magnifying 
glass,  it  was  possible  to  follow  the  deformation  patterns  in  the  soil 
layers  above  the  depressions. 

The  large  mounds  which  were  seen  in  Test  12  were  not  clearly 
discernible  in  Test  l4.  Figure  83  clearly  shows  a  ridge  at  the 
15-l/2-inch  radius  at  the  44-inch  level.  In  addition,  at  this  same 
level  it  shows  a  ridge  at  the  7“inch  radius.  Part  of  a  very  distinct 
depression  was  observed  at  the  38“inch  level.  The  radius  of  the  por¬ 
tion  seen  was  between  4  and  4-l/2  inches.  This  appears  to  be  large 
so  the  center  may  have  been  offset.  Notice  the  lip  on  the  depression. 
This  type  of  formation  was  seen  around  all  the  depressions  found  in 
this  tes1  . 

The  profile  of  the  variation  of  soil  pressure  at  the  35-inch 
level  has  been  included  in  Figure  82.  Note  how  the  profile  of  the 
soil  corresponded  to  the  pressure  profile.  In  addition,  Figure  83 
shows  the  strong  deformations  that  occurred  at  the  35-  and  33-inch 
layers  in  the  high  pressure  region  between  the  4-l/2-  and  6-inch 
radii . 

As  in  the  previous  dynamic  tests,  there  is  a  pattern  of  deforma¬ 
tions  which  appears  to  be  associated  with  active  arching  under  dy¬ 
namic  loading  conditions.  The  radiograph  assisted  in  the  location 
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and  study  of  the  deformations,  but  direct  observation  was  a  more 
sure  and  satisfying  means  of  investigation.  The  fracture  patterns 
observed  in  Test  l4  were  similar  to  those  observed  in  Tests  12  and  13. 
In  Test  15  with  2  inches  of  cover  above  the  device,  the  soil  surface 
moved  down  uniformly.  No  depression  or  mounds  were  observed. 

The  mound-depression  pattern  was  found  to  exist  in  Test  l6. 

Again  the  surface  was  plane,  but  the  pattern  was  seen  clearly  at 
the  44-inch  level.  The  depression  had  an  inside  radius  of  5-3/4 
inches .  The  mound  had  an  outside  diameter  of  approximately  19  inches . 

No  unusual  deformations  were  observed  in  Test  17 . 

Test  18  was  the  deep  test,  h/B  =  7  ,  in  which  the  maximum  sur¬ 
face  pressure  reached  310  psi.  The  surface  did  not  disclose  any 
distinct  deformation  patterns.  There  was  a  slight  mound  at  the 
centerline  as  shown  in  Figure  84.  A  distinct  pattern  was  noted  at 
the  71-inch  level  where  a  set  of  depressions  was  found,  Figure  84. 
These  deformations  were  very  distinct  and  deep.  The  fracture  pattern 
shown  in  Figures  84  and  85  was  observed.  Inside  the  depressions,  the 
soil  had  a  glossy  appearance  and  gave  evidence  that  movement  had 
taken  place. 

At  the  68-inch  level,  the  double  depression  pattern  was  observed 
again,  Figure  84.  Between  the  71-  and  68-inch  layers,  the  soil  was 
not  extensively  fractured  except  right  under  the  center  depression 
and  at  the  ridges. 
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At  the  65-inch  level,  three  more  or  less  concentric  depressions 
were  observed.  In  studying  Figure  84,  note  that  the  depression  pat¬ 
terns  are  shown  along  several  radii,  so  the  depressions  may  not  match 
those  directly  above  them  on  the  sketch.  The  middle  two  depressions 
at  this  level  were  livery  in  appearance.  The  fracture  pattern  be¬ 
tween  the  68-  and  65-inch  levels  was  as  shown  in  the  sketch. 

The  depressions  at  the  62-inch  level  were  unusual.  Along  the 
northwest  radius  there  were  three  distinct  ridges,  while  in  the 
southeast  quadrant  only  one  ridge  appeared  to  be  present.  The  ridges 
all  seemed  to  blend  into  each  other  as  the  depressions  were  not  con¬ 
centric  about  the  centerline. 

The  double  depression  pattern  was  seen  at  the  59“inch  level. 
Figure  86a  shows  the  distinct  ridges  noted  in  the  62-  to  59"inch 
layer.  The  fracture  pattern  over  the  depression  also  can  be  seen. 

At  the  53-inch  layer,  the  double  depression  pattern  as  shown  in 
Figure  84  was  present.  Figure  86b  is  a  side  view  of  the  soil  between 
the  53“  and  56-inch  levels .  A  mirror  image  of  the  ridge  pattern  at 
the  53“inch  layer  can  be  seen  at  the  bottom  of  the  sample. 

Test  19  was  a  medium  pressure  test  at  a  scaled  depth  of  1.  The 
main  objective  of  this  test  was  to  fail  the  soil  to  the  surface.  By 
accomplishing  this,  it  would  be  possible  to  determine  how  much  of  the 
soil  strength  had  been  mobilized.  Based  on  the  information  developed 
in  Tests  13  and  16,  it  seemed  that  complete  failure  should  occur 
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under  the  conditions  specified  for  this  test. 

As  can  be  seen  in  Figure  87,  the  soil  surface  does  not  exhibit 
failure  planes;  in  tact  there  seems  to  be  a  slight  mounding  of  the 
surface  at  the  centerline.  This  mound  appeared  to  have  a  diameter 
varying  from  8  to  9  inches.  As  previously  stated,  no  distinct  de¬ 
pressions  were  found  on  the  soil  surface  for  any  of  the  dynamic 
tests,  regardless  of  the  pressure  and  structure  depth  of  burial. 

At  the  38-inch  level,  the  first  layer  below  the  surface  which 
could  be  examined,  the  deformation  pattern  was  very  distinct.  Fig¬ 
ure  87.  A  large  mound  which  varied  in  diameter  from  14  to  16  inches 
was  present.  Approximately  at  the  center  of  the  mound,  a  depression 
with  mounded  sides  as  shown  in  Figure  87  was  observed.  The  inside 
diameter  of  the  depression  was  delineated  by  a  crack  pattern  similar 
to  that  shown  in  Figure  46.  The  fracture  pattern  above  the  38-inch 
level  is  shown  in  Figure  87. 

At  the  35”inch  level,  the  soil  in  the  vicinity  of  the  device 
was  depressed  below  the  rebound  position  of  the  top  of  the  device. 

In  fact,  the  soil  was  below  the  maximum  depressed  position  of  the  de¬ 
vice.  The  pressure  profile  at  the  35"inch  level  gives  an  indication 
of  the  reason  for  this  depression,  Figure  87.  In  addition,  the  large 
pressures  at  l4-inch  radius  were  consistent  with  the  deflections 
measured  at  this  radius. 

In  Test  20,  the  soil  surface  appeared  to  have  depressed 
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uniformly  with  only  slight  signs  of  a  lower  region  near  the  center 
of  the  test  chamber.  At  the  38-inch  level,  a  mound  approximately 
1/2  inch  high  and  10  to  17  inches  in  diameter  was  observed.  In  the 
center  of  the  mound  a  small  depression  approximately  5  inches  in  di¬ 
ameter  was  found.  The  characteristic  fracture  patterns,  previously 
described,  were  found  in  the  35“  to  38"  and  38-  to  4l-inch  layers. 

No  important  deformations  were  found  in  Tests  21  and  22. 

In  Test  23,  there  appeared  to  be  an  8-inch-diameter  low  area  on 
the  soil  surface  which  was  about  4  inches  off  center.  The  deforma¬ 
tion  gage  on  the  surface  deflected  the  same  amount  as  the  soil  in  its 
vicinity.  No  mounding  or  depressions  were  found  at  the  38-inch  level. 

For  Tests  24  and  25,  the  soil  surface  appeared  to  move  down  uni¬ 
formly.  The  soil  at  the  38-inch  level  was  well  bonded  even  though 
the  glossy-livery  soil  surface  was  present.  There  were  no  mounds  or 
depressions.  Tne  soil  was  bonded  well  at  the  35-inch  level. 

Test  26  was  made  with  the  very  stiff  device.  The  soil  was 
closely  examined  in  this  test  and  Test  27  to  determine  the  charac¬ 
teristic  deformations  for  passive  arching  conditions.  The  deforma¬ 
tions  were  not  definite  enough  to  determine  a  pattern.  In  both  tests, 
the  surface  appeared  to  move  down  uniformly  with  some  slight  down¬ 
ward  slope  from  the  test  chamber  walls  toward  the  centerline. 

The  fracture  pattern  shown  in  Figure  88  was  somewhat  different 
from  that  seen  in  the  active  tests.  In  the  38-  to  4l-inch  layer  very 
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little  if  any  fracturing  was  observed.  At  the  38~inch  level,  a  com¬ 
bination  depression  and  mound  was  observed  near'  the  center  of  the 
test  chamber,  Figure  88.  The  mounds  in  the  northwest  and  southwest 
quadrants  rose  out  of  a  depressed  area.  The  depression  was  not  uni¬ 
form.  One  area  was  about  l/2  inch  lower  than  the  rest.  There  was 
no  large  mound  area  as  was  seen  in  the  active  tests. 

No  high  pressure,  passive  arching  tests  were  performed.  Pre¬ 
vious  results  indicate  that  pressures  higher  than  50  psi  are  required 
before  deformation  patterns  become  distinct. 

4.4  SOURCES  OF  ERROR 

The  greatest  problem  with  error  seemed  to  occur  during  the 
static  tests.  The  detail  results  from  three  of  the  initial  static 
tests  are  questionable  because  of  air  leakage  around  the  test  medium. 
In  order  not  to  bridge  over  the  top  of  the  test  medium  no  diaphragm 
was  used  initially.  Although  it  had  been  hoped  that  the  clay  around 
the  sides  of  the  test  chamber  would  seal  itself,  this  was  not  the 
case.  There  is  evidence  that  air  may  have  gotten  into  the  clay  near 
the  test  device.  The  results  from  these  tests  are  erratic.  Later, 
weather  balloons  were  used  to  contain  the  air  used  to  apply  the  sur¬ 
face  pressure  until  a  diaphragm  was  secured  which  could  deform  to 
the  extent  required  by  the  clay.  The  balloons  seemed  to  work  well 
except  that  they  were  very  easily  punctured.  Details  concerning 
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the  balloons  and  diaphragms  used  are  contained  in  Section  3*2.1. 

Another  source  of  error  in  the  early  static  tests  was  the  hy¬ 
draulic  system  used  to  raise  and  lower  the  device.  This  system  had 
more  elasticity  in  it  than  had  been  planned  and  the  time  required 
for  pressures  to  equalize  inside  the  test  device  was  not  constant. 
Initially,  deflection  gages  were  not  placed  in  the  test  device  to 
measure  the  deflection  of  its  top.  The  volume  of  the  test  device 
was  calibrated  against  turns  on  the  pressure  cylinder.  Even  though 
much  care  was  exercised  in  the  calibration,  the  calibration  curves 
were  not  linear  since  the  deformation  of  the  system  was  such  as  to 
change  the  calibration  at  each  pressure  level. 

Tests  have  been  conducted  on  the  soil  pressure  gages  to  deter¬ 
mine  the  best  method  of  placing  these  gages  and  the  probability  of 
measuring  the  actual  pressure  in  the  buckshot  clay.  The  tests  indi¬ 
cated  that  the  SE  gage,  placed  as  described  in  Section  3-3.2,  was 
generally  accurate  to  +10  percent  for  dynamic  pressures,  Hadala 
(1967a)  and  Ingram  (1967).  At  low  static  pressures,  generally  below 
10  psi,  the  gage  tended  to  be  inaccurate,  especially  after  remaining 
in  the  specimen  for  long  periods  of  time. 

It  was  necessary  to  recalibrate  the  SE  gages  during  the  dynamic 
test  program.  These  gages  were  subjected  to  harsh  treatment  by  the 
high  pressures,  especially  the  reflections.  Calibrations  did  change 
and  gages  were  damaged. 
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The  reflected  pressures  were  also  a  source  of  error.  The  rec¬ 
ords  in  Appendix  C  show  that  the  pressures  reflected  from  the  base  of 
the  test  chamber  sometimes  exceeded  the  peak  surface  pressure  by  a 
factor  varying  from  3  to  6.  It  was  not  difficult  to  see  the  arrival 
of  the  peak  reflected  pressure  during  high  pressure  tests,  but  in  the 
low  pressure  tests  it  was  more  difficult  to  decipher.  The  data  in 
Table  2  were  based  on  velocity  calibrations  and  careful  examination 
of  the  pressure  records.  Only  the  data  measured  prior  to  the  reflec¬ 
tions  were  used. 

These  reflections  sometimes  had  drastic  effects,  such  as  break¬ 
ing  the  instrumentation  cables.  It  was  necessary  to  coil  the  cable 
in  the  soil,  leave  slack  along  the  sides,  and  to  protect  the  cable 
with  plastic  tubes . 

Data  about  which  there  was  any  doubt  were  not  included  in  the 
report.  Several  of  the  static  and  dynamic  tests  were  repeated  be¬ 
cause  of  questionable  data  or  the  loss  of  instrumentation.  The  re¬ 
sults  included  in  this  report  have  been  carefully  checked  several 
times  and  are  believed  to  be  reasonably  accurate. 
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CHAPTER  5 


DISCUSSION  AND  ANALYSIS  OF  EXPERIMENTAL  RESULTS 

In  this  chapter  the  information  developed  in  Chapter  4  is  sum¬ 
marized  and  conclusions  are  drawn  from  the  results.  The  static  and 
dynamic  results  are  presented  separately  and  then  compared.  Each 
test  variable  is  examined  separately  in  an  attempt  to  analyze  its 
effect  on  arching. 

The  ultimate  objectives  of  the  program  were  to  determine  if 
soil  arching  takes  place  in  rapidly  loaded  clay  soil,  and  to  provide 
a  guide  that  will  enable  designers  to  incorporate  the  beneficial 
effects  of  arching  in  their  structural  design;  therefore,  major  em¬ 
phasis  is  placed  on  what  appears  to  take  place  in  an  analysis  cf 
the  behavior  in  these  arching  experiments  and  on  the  development  of 
curves  which  relate  the  pertinent  variables  in  terms  which  may  be 
usable  to  designers. 

5.1  STATIC  TESTS 

Although  the  static  test  program  was  limited,  the  results  are 
presented  in  order  to  compare  them  with  static  trapdoor  tests  and  the 
dynamic  tests.  The  conclusions  must  be  judged  with  the  limited  num¬ 
ber  of  tests  in  mind. 

5.1.1  Soil  Deformation  Patterns.  The  deformation  patterns  ob¬ 
served  and  measured  were  complicated  by  the  fact  that  in  many  of  the 


227 


tests  the  top  of  the  test  device  was  cycled  through  both  active 
and  passive  phases.  Another  complication  was  the  fact  that  the  zone 
of  soil  affected  by  the  arching  phenomenon  extended  upward  and  out¬ 
ward  with  the  increase  in  time,  depth  of  burial,  and  surface  pressure. 

Based  on  the  soil  pressure  profiles  at  the  level  of  the  top  of 
the  device,  Figures  26  through  28,  the  soil  pressure  profiles  above 
and  below  the  device,  Figures  29  through  32,  the  soil  deformations, 
Figures  35  through  40,  and  the  soil  deformation  patterns,  Figures  4l 
through  50,  two  composite  soil  deformation  patterns  were  constructed. 
Figure  89  depicts  the  deformations  for  active  arching  and  Figure  90 
those  for  passive  arching.  The  effects  of  surface  pressure  are  dis¬ 
cussed  in  Section  5 *1.3}  the  effects  of  depth  of  burial  in  Section 
5.1.4,  and  the  effects  of  time  in  Section  5«3. 

In  Figure  89  the  depression  located  above  the  device  appeared 
to  become  smaller  with  distance  from  the  top  of  the  device.  The 
diameter  of  this  very  distinct  depression  varied  from  4  to  5*5  inches 
depending  upon  the  depth  of  burial.  The  type  of  depression  and 
the  soil  deformations  around  it  are  clearly  shown  in  Figures  4l, 

42,  43,  and  46. 

As  illustrated  in  Figures  4l  and  42,  a  ridge  varying  in  diameter 
from  5  to  6.5  inches  was  found  around  the  depression  at  the  center- 
line.  This  ridge  appeared  to  be  part  of  a  deformed  zone  in  the  soil 
around  the  depression. 
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At  H/B  =  l/3  and  P  =  37.5  psi  ,  the  depression  was  clearly 

O 

visible  at  the  soil  surface,  Figure  4l.  When  the  depth  of  burial 

was  increased  to  H/B  =  1  at  the  same  surface  pressure,  no  surface 

depression  was  visible.  The  soil  specimen  prepared  with  H/B  =  1 

was  subjected  to  a  surface  pressure  of  63  psi  after  the  P  =  37.5 

b 

results  were  examined.  A  depression  was  found  at  the  surface,  Fig¬ 
ure  43.  When  depth  of  burial  was  increased  to  H/B  =  3  and  the 
surface  pressure  held  to  a  maximum  of  50  psi,  the  soil  depression 
pattern  extended  to  a  height  one  structure  diameter  above  the  device. 

At  a  surface  pressure  of  75  psi  and  with  H/B  =  1  ,  the  depres¬ 
sion  pattern  did  not  form  at  the  soil  surface,  but  the  depression 
was  clearly  visible  3  inches  above  the  device,  Figure  46.  Cracks 
or  shear  zones  were  found  in  the  soil  around  the  depression. 

Cracks  similar  to  those  found  in  the  P  =  75  psi  test  also  were 

b 

observed  in  Test  8  in  which  the  surface  pressure  was  240  psi  and  the 
depth  of  burial  was  18  inches,  H/B  =  3  .  In  this  test,  the  depres¬ 
sion  pattern  was  found  at  a  height  two  structure  diameters  above  the 
device. 

A  parabolic  dome  as  depicted  in  Figures  50  and  89  formed  on  top 
of  the  device  during  the  active  arching  tests.  A  soil  formation  of 
this  nature  appears  more  likely  to  be  associated  with  passive 
arching.  Initially,  it  was  felt  that  the  dome  formation  formed  during 
the  preliminary  phase  of  the  active  arching  tests  when  the 
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liydraulicnlly  controlled  device  woe  hold  rigid.  It  woo  during  this 
period  that  the  surface  pressure  was  raised  from  r.oro  to  test  pres¬ 
sure  and  the  soil  was  store  compressible  than  the  structure.  Hut  the 
active  arching  tests  made  with  the  spring-ring  devire,  in  which  arch¬ 
ing  was  induced  by  increasing  the  pressure  on  the  outside  of  the 
device  rather  than  decreasing  its  internal  pressure,  showed  Iho  same 
phenomenon,  Figure  50. 

In  Tests  l*  and  6,  Fg  •  75  and  2**0  psi  and  )(/B  »  1  and  3» 
respectively,  the  done  formation  was  observed  above  the  central 
depressions  described  nbcvc.  In  Test  h,  the  dome  was  observed  in  the 
soil  layer  3  to  5  inches  above  the  device.  A  similar  dome-depression 
was  seen  2-1/2  diameters  above  the  device  in  Test  8, 

Large  soil  fracture  patterns  similar  to  those  depicted  in  Fig¬ 
ure  &0  also  were  observed  in  the  active  arching  tests.  These  frac¬ 
ture  patterns  appeared  to  be  associated  with  high  soil  pressures 
around  the  soil  depression,  Figures  *ih  and  b5.  The  fractures  also 
can  be  seen  in  Figure  $0. 

Similar  deformed  zones  were  located  beside  the  device  at  the 
level  of  its  top,  Figures  h5  and  99.  The  high  pressures  which 
existed  in  the  deformed  zone  at  this  level  were  confirmed  by  the 
pressure  profiles  in  Figures  26  through  26b. 

To  susnorize  the  soil  deformations  under  active  arching  condi¬ 
tions,  the  clay  appeared  to  follow  the  device  as  it  depressed.  This 
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movement  propagated  upward  in  the  form  of  a  "at her  distinct  depres¬ 
sion.  The  soil  was  pushed  out  and  up,  away  from  tho  depression.  As 

v 

the  depression  formed,  the  zone  beside  the  depression  was  loaded  and 
deformed  by  the  differential  movement.  The  deformation  pattern  was 
not  continuous,  but  a  scries  of  deformations  developed  with  time  as 
movements  and  pressures  were  sufficient  to  deform  the  soil.  This 
created  a  series  of  loaded  areas  and  is  consistent  with  the  high 
pressures  observed  at  a  considerable  distance  frum  tho  device. 

The  majority  of  the  unloading  and  loading  of  the  soil  was  ac¬ 
complished  in  the  first  3  to  6  inches  above  the  device.  Therefore, 
the  majority  of  the  load  was  redistributed  Just  outside  the  device. 

As  the  area  near  the  device  was  loaded  and  os  the  deformation  propa¬ 
gated  upward,  the  loaded  zone  moved  outward  from  the  device. 

The  lateral  expansion  of  the  -one  affected  ty  arching  is  a  mani¬ 
festation  of  the  stress  gradients  developed.  The  wet,  viscous  clay 
used  in  the  experiments  tolcratod  only  small  stress  gradients.  71  .us , 
for  equilibrium  to  be  satisfied,  the  load  arched  around  the  structure 
had  to  be  taken  by  increasingly  larger  areas  with  time  rather  than 
building  up  high  stress  gradients  in  a  small  area.  The  whole  active 
arching  mechanism  under  static  conditions  appears  to  involve  the  de¬ 
velopment  of  shear  and  compressive  stresses  by  relative  movement. 

The  more  movement  the  larger  the  zone  affected  V  urcliing  and  the 
greater  the  magnitude  of  the  load  arched  off  the  stricture.  The 
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higher  the  surface  pressure,  the  more  differential  movement  required 
for  the  same  percentage  of  load  arched  off  the  structure.  To  sub¬ 
stantiate  this  axplanatloni  note  that  the  sides  of  the  depressions 
are  a  series  of  steps  and  elopes,  Figures  U2,  1*3,  and  U6.  These  de¬ 
formation  patterns  indicate  th  t  load  was  shifted  ay  ay  from  the  center 
of  the  depression  In  steps.  The  greater  differential  movement  oc¬ 
curred  in  the  center  portion  vhlch  was  of  course  unloaded  the  most. 

As  the  load  propagated  outward  from  the  centerline,  less  and  less  load 
remained  on  the  structure  and  the  larger  the  area  involved  at  the 
level  of  the  top  of  the  device  became.  This  can  be  seen  clearly  by 
the  growth  of  the  pressure  profiles  in  Figures  26  through  28b. 

Underneath  the  device,  the  soil  deformed  in  a  manner  which  re¬ 
sembled  the  classical  elastic,  plastic,  and  radial  shear  zones 
iTerraghi  and  Peck)  associated  with  bearing  capacity. 

The  active  arching  patterns  depicted  in  Figure  89  are  similar 
to  the  deformations  in  sand  reported  by  Ahlers,  Havers,  Kails tonlun , 
Kvapll,  and  Selig.  A  detailed  explanation  of  thes**  findings  is 
given  In  Chapter  2.  The  arches  envisioned  by  Engesser  end  Caquot 
(193*0  do  not  appear  to  be  present  in  the  static  tests  on  clay.  The 
arch  or  vault  directly  over  the  device  conforms  generally  with  the 
thoughts  of  writers  on  silos  and  grain  bins  such  as  Jenike  (1958), 
Richmond,  Gardner,  and  Walker.  Watkins  (1957)  studied  deformation 
patterns  in  sand  by  the  use  of  X-ray  techniques  and  lead  balls.  He 


232 


found  depression  patterns  of  much  larger  extent  but  similar  in  ehape 
to  those  in  Figure  $9 . 

Clear-cut  shear  planes  similar  to  those  discussed  by  Terzoghi 
(19M),  but  which  he  admitted  probably  did  not  exist,  were  not  found. 
Die  distortion  patterns  which  did  exist  did  not  appear  to  propagate 
out  on  the  slope  hypothesized  by  Terzoghi  in  several  of  his  articles 
(1936b).  These  distortions  and  arch  patterns  tended  to  follow  a  path 
almost  directly  above  the  device  similar  to  tho  vertical  planes  used 
by  Terzoghi,  Ifewmark,  Mar 2 ton,  Spongier,  and  several  others  discussed 
in  Chapter  2. 

The  zone  of  tensile  stresses  explained  by  Terzoghi  (1919) 
peered  to  be  present  in  the  active  tests  of  this  program.  The  dome- 
shaped  soil  formation  directly  above  the  device  generally  could  be 
separated  from  the  remaining  coll  above  the  device  after  the  active 
arching  tests.  Occasionally  when  the  top  of  the  device  was  lowered 
rapidly,  the  pressure  on  the  top  would  suddenly  drop  to  0  and  then 
build  up  with  time  as  the  soil  appeared  to  flow  down  onto  the  device. 

Figure  90,  which  is  a  compilation  of  the  information  in  Fig* 
ures  26d,  37,  39 »  **7,  48,  and  U9,  shows  typical  soil  deformations  for 
passive  arching  under  static  conditions.  The  static  passive  tests 
were  limited  to  surface  pressures  of  37.5  and  75  psi  and  a  scaled 
depth  of  burial  of  H/B  *  1  .  Scaled  deformations  of  the  top  of  the 
device  were  approximately  +72.9  *  10"^  and  +82.67  X  10"^,  respectively. 
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Conclusions,  are  limited  to  those  test  conditions  and  are  not  neces¬ 
sarily  applicable  to  other  conditions. 

The  deformations  and  extent  of  passive  arching  under  these  con¬ 
ditions  were  limited  both  horizontally  and  vertically.  The  major 
portion  of  the  deformations  appears  to  have  occurred  within  one  struc¬ 
ture  disaster  above  and  beside  the  device.  3oee  data  were  available 
from  the  cycling  in  Tests  2  and  3*  They  confirm  the  results  observed 
in  Tests  4  and  5. 

The  dome  above  the  top  of  the  device  was  slightly  higher  than 
the  one  shown  for  active  arching,  figures  U?  and  48.  for  the  pas¬ 
sive  tests  this  dome  tended  to  be  more  head  spherical  than  liko  the 
flat  parabola  seen  in  the  active  arching  teats.  The  soil  was  also 
denser  in  this  dome  than  in  the  one  shown  for  active  arching.  The 
densification  obviously  cane  from  the  effect  of  the  done  being 
forced  into  the  surrounding  soil.  Although  not  discussed  in  this 
report,  two  static  plate  bearing  tests  were  made  with  2  and  18  inches 
of  surcharge.  Domes  developed  which  were  very  similar  to  those  seen 
above  the  device  under  passive  arching  conditions.  The  domes  were 
inverted,  in  that  the  base  of  the  device  was  tangent  to  the  arc.  The 
sides  of  the  dome  sloped  out  from  the  plate  at  angles  varying  from 
26  to  32  degrees,  Figure  91  • 

The  soil  seemed  to  deform  around  stiff  test  devices.  The  soil 
formed  a  natural  dome  as  a  shield  in  front  of  the  blunt  device.  As 
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the  stiff  structure  was  loaded  more  than  the  surrounding  soil,  the 
soil  underneath  it  was  loaded.  Pressures  beneath  the  structure 
higher  than  the  free  field  pressures  caused  larger  deformations  under 
the  structure  than  the  free  field  deformation  and  a  tendency  to  de¬ 
crease  the  lead  on  the  structure.  Vhis  is  a  continuous  process  which 
accounts  for  the  fact  that  the  structural  stiffness  alone  is  not  a 
good  measure  of  the  overall  stiffness  of  the  structure-soil  system 
under  passive  arching  conditions. 

The  passive  arching  patterns  observed  in  this  program  were  simi¬ 
lar  to  those  observed  by  Abbott  in  his  layered-sand  tests  with  small 
rigid-base  structures.  The  three  cases  explained  by  Abbott  appear 
consistent  with  the  results  obtained  in  this  program.  The  deformation 
and  pressure  profiles  bclw  the  device  did  not  appear  to  conform  to 
the  .-.one  of  influence  postulated  by  Mason  (1965).  The  soil  pattern 
above  the  device  is  similar  to  that  postulated  by  Marston,  Spangler, 
and  associates  at  Iowa  State  University  and  later  used  by  Van  Horn  in 
hi3  development  of  loads  on  underground  structures  (1963a)  as  the  "in¬ 
complete  projection  condition." 

5.1.2  Tc3t  Configuration.  Some  of  the  significant  work  in  the 
study  of  soil  structure  interaction  has  been  accomplished  with  the 
use  of  the  so-called  "trapdoor,"  Terzaghi  (1936c),  McNulty,  and 
Hendron  (1968).  Other  studies  have  used  structures  located  at  the 
base  of  the  test  chamber,  for  example  Abbott,  Whitman  et  al.  (1962), 
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Selig  ct  al.  (1961),  Mosborg  and  Talda,  to  name  a  few.  Chapter  2 
contains  a  more  detailed  explanation  of  these  experiments.  One  of 
the  objectives  of  the  static  test  program  was  to  determine  what  ef¬ 
fect  the  boundary  has  on  arching.  A  knowledge  of  these  effects  could 
make  the  less  expensive  trapdoor  studies  of  more  use.  Obviously, 
arching  curves  constructed  using  the  trapdoor  should  form  an  upper 
limit  to  the  amount  of  arching.  Hendron's  trapdoor  study  using  buck¬ 
shot  clay  was  available  and  has  been  used  as  a  basis  for  comparison. 

Comparable  active  arching  curves  sure  plotted  in  Figure  92.  The 
arching  curves  from  the  trapdoor  study  plot  well  under  the  idealized 
structure  curves  produced  by  the  hydraulically  controlled  device, 
Tests  1  through  U.  The  same  information  is  presented  in  terms  of 
differential  pressure  in  Figure  94.  This  method  of  plotting  arching 
becomes  more  meaningful  at  surface  pressures  high  enough  to  mobilize 
the  maximum  strength  of  clay  soil,  fhe  differential  pressure  curves 
should  collapse  at  high  pressures,  because  the  strength  of  buckshot 
clay,  a  material  whose  0  is  near  0,  should  be  practically  insensi¬ 
tive  to  changes  in  surface  pressure  (Appendix  A). 

The  curves  from  the  two  different  configurations  appear  to  have 
approximately  the  same  shape.  Deflections  as  3mall  as  0.01  inch  in 
all  tests  at  Pg  ■  37.5  end  75  psi  created  large  amounts  of  arching, 
Figure  92  and  94.  In  the  trapdoor  studies  the  amount  of  arching  is 
considerably  greater  than  the  arching  with  the  idealized  structures 
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for  a  given  amount  of  deflection  throughout  the  curves. 

Ultimate  arching  values  for  the  opring-ring  device,  Teats  6 
through  8,  alco  arc  plotted  in  Figurco  92  and  91*.  The  object  was  to 
determine  what  effects,  if  any,  could  be  attributed  to  the  manner  in 
which  the  top  of  the  device  was  lowered.  In  Tests  6  through  8,  the  top 
of  the  device  wao  pushed  down  by  externally  applied  pressures  rather 
than  being  lowered  by  reducing  the  internal  structure  pressure  os 
was  the  case  in  Tests  1  through  4. 

Tests  6  and  7  were  performed  at  37-39  pai  *nd  therefore  should 
be  comparable  with  the  arching  curves  plotted  in  Figures  92  and  94. 

It  can  be  seen  that  the  pressure  on  the  spring-ring  device  was 
not  the  some  as  that  experienced  by  the  hydraulic  device  for  the  some 
differential  deflection  at  the  some  depth  of  burial.  This  difference 
is  hard  to  understand  because  the  deflection  of  the  structure  ir.  a 
function  of  stiffness,  and  the  load  the  soil  dissipates  or  attracts 
is  some  function  of  the  strain  it  experiences  over  a  particular  area. 
There  appear  to  be  several  elements  involved  in  this  apparent 
di;*crepancy. 

First  it  is  connected  with  the  manner  in  which  the  structure  is 
loaded.  Considerable  time  (10-15  minutes)  elapsed  between  each 
lowering  of  the  hydraulic  device  in  Tests  1-4  to  allow  the  internal 
pressure  to  stabilize.  Stabilization  times  were  not  required  or 
used  in  Tests  6-8.  On  several  occasions  the  top  of  the  hydraulic 
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device  was  lowered  at  a  rate  which  separated  it  from  the  soil.  At 
this  point,  the  teat  was  stopped  and  the  soil  was  allowed  to  regain 
contact.  Observations  of  this  nature  were  made  by  watching  the  device 
pressure-time  curves.  The  soil  never  lost  contact  with  the  top  of 
the  opring-ring  device,  because  the  outside  pressure  of  the  soil  wns 
continually  rushing  against  the  spring  in  the  device  and  vice  versa. 

Another  element  of  the  problem  involved  the  method  by  which 
differential  deflection  was  measured.  The  so-called  "free-field 
deflection  gage"  was  located  14  to  16  inches  from  the  centerline  of 
the  teat  chamber.  Differencial  deflection  was  measured  in  reference 
to  this  "free-field"  gage.  But  in  the  previous  section,  it  was  shown 
that  the  area  involved  in  the  arching  generally  extended  no  further 
than  1  structure  diameter  outside  the  device  and  many  times  only  1 
structure  radius.  Both  the  structure  and  the  soil  reacted  to  pres¬ 
sure  within  the  affected  area.  In  active  arching  the  structure  un¬ 
loaded  to  the  soil  in  its  immediate  vicinity  and  the  soil  reacted  to 
the  differential  deflections  directly  above  and  beside  the  device. 

It  was  the  deflection  differences  between  the  structure  and  the  soil 
at  the  level  of  the  top  of  the  device  which  affected  the  soil  above 
it.  Once  the  structure  started  to  load  the  soil,  then  the  deflection 
of  the  soil  adjacent  to  the  structure  increased.  There  was  some  time- 
dependent  interaction  between  the  soil  and  structure,  similar  to  that 
observed  by  R.  B.  Peck  in  his  analysis  of  observed  deformations  in  the 
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Chicago  subways,  an  the  load  was  shifted  back  and  forth  seeking  an 
equilibrium  condition.  But  the  soil,  being  a  viscous  material,  re¬ 
acted  much  more  slowly  than  the  device  which  reacted  almost  instantly. 

The  device  for  Test  6  was  designed  to  be  approximately  one-half 
as  stiff  as  the  soil.  The  Test  C  data  are  plotted  when  ultimate 
arching  was  first  reached  and  at  two  values  during  the  long  creep 
period,  Table  5*  The  initial  arching  value  for  this  spring-ring  de¬ 
vice  plotted  considerably  above  the  arching  curve  for  the  hydraulic 
device  at  a  comparable  deflection.  As  time  progressed  and  the  dif¬ 
ferential.  deflection  decreased,  the  arching  values  for  Test  6  ap¬ 
peared  to  approach  the  co&Darable  arching  curves.  This  was  a  mani¬ 
festation  of  the  time  effects  explained  above. 

The  data  for  the  spring-ring  device  in  Test  6  are  shown  in 
Table  5  and  Figure  24b.  Note  that  the  scaled  differential  deflection 
reached  a  value  of  -6.67  x  lO--3  during  the  initial  pressurization. 

Then  the  differential  deflection  began  to  decrease,  because  the  free- 
field  soil  was  deflecting  faster  than  the  structure.  This  is  logical 
as  the  structure  began  to  experience  less  load  than  the  free-field 
soil  and  the  soil  under  the  device  slowed  down  its  rate  of  deflection. 
The  differential  deflection  was  sufficient  to  develop  a  differential 
pressure  of  14  psi  after  2  hours  and  20  minutes.  Yet  the  differential 
deflection  as  measured  in  reference  to  the  free  field  had  been  decreas¬ 
ing  since  a  time  47  minutes  after  the  test  began.  At  time  3  hours  and 
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8  minutes,  the  differential  pressure  had  decreased  to  12.5  psi  and 
the  differential  deflection  had  decreased  to  -0.008  inch. 

During  the  second  pressurization  of  Test  6,  scaled  positions  of 
pressure  and  deflection  almost  identical  with  the  initial  pressuriza¬ 
tion  were  attained.  During  the  63-hour  creep  period,  the  soil  and 
s  .ructure  attained  an  equilibrium  position  at  AD  =  0.0008-0.009  inches 
and  AP  ~  11.2-12.9  psi  .  Thus  the  structure  experienced  a  load 
wh  oh  varied  from  0.66  to  0.69  times  the  surface  pressure.  The  struc¬ 
ture's  relative  stiffness  as  compared  to  the  soil  was  0.60. 

'  arching  results  using  the  spring-ring  device  in  Test  7  also 
are  plotted  in  Figures  92  and  9^*  When  the  data  for  Test  7  are  com¬ 
part  1  v  th  those  of  Test  6,  a  much  more  flexible  device,  the  dif¬ 
ferential  pressures  reflect  their  flexibility  difference.  One  im- 
raediatelj  questions  why  the  differential  deflection  in  Test  7  was 
larger  at  ’.uinimum  arching.  Close  examination  of  the  data  in  Table  5 
shows  tha.  the  deflections  under  the  device  were  considerably  larger 
in  Test  7  and  more  than  compensated  for  the  difference  in  the  deflec¬ 
tion  of  the  tops  of  the  devices  which  was  a  result  of  their  relative 
flexibilities . 

Figure  39  can  be  used  to  examine  the  deflections  more  closely. 

Up  until  the  pressure  container  broke,  the  deflection  at  a  5.5-inch 
radius,  2.5  inches  outside  the  device,  at  the  level  of  the  top  of  the 
device  was  less  than  the  deflection  at  the  l6-inch  radius.  This 
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indicates  passive  arching  action.  This  passive  arching  condition  near 
the  device  was  confirmed  by  the  corresponding  pressure  profile  in  Fig¬ 
ure  28c.  Yet,  the  total  deflection  of  the  top  of  the  device  was 
greater  than  that  measured  in  the  soil  at  the  same  level  and  should 
have  produced  active  arching,  Figure  39 •  The  majority  of  the  device 
deflection  consisted  of  soil  deflection  under  the  device.  This  de¬ 
flection  was  considerably  higher  than  that  in  the  free  field  at  the 
same  level.  Thus  the  structure  experienced  some  passive  arching  ac¬ 
tion  during  the  course  of  the  test,  relative  to  the  deflections  and 
pressures  in  its  immediate  vicinity,  but  at  a  test  pressure  of 
37.5  psi,  the  device  reacted  to  its  deflection  relative  to  the  free 
field.  Therefore,  the  total  effect  was  active  arching,  Table  1. 

Three  points  at  P^  =  40  ,  75  ,  and  100  psi  have  been  plotted  in 
Figure  92  for  the  spring-ring  device  of  Test  8.  The  points  are  above 
the  arching  curves  for  Configurations  I  and  II.  The  interrelation  be¬ 
tween  differential  deflection  and  the  arching  ratio  at  these  surface 
pressures  appears  to  have  no  relation  to  the  arching  curves  produced 
at  P  =  37*5  and  75  psi  by  Configuration  II. 

O 

Comparison  of  the  differential  pressures  shown  in  Table  5  for 
Tests  6  and  8,  both  spring-ring  device  tests ,  at  AD  «  -0.006,  -0.034, 
and  -0.040  during  the  pressurization  process  shows  that  the  dif¬ 
ferential  pressures  between  surface  and  structure  are  within  1  psi  of 
each  other  in  spite  of  the  differences  in  h/b  ,  1  versus  3>  and 
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surface  pressures  at  these  various  deflections.  When  exceeded 
75  psi  in  Test  8,  the  differential  pressures  for  this  test  were  no 
longer  identical  with  those  in  Test  6  at  the  same  differential 
deflections . 

From  an  examination  of  the  static  arching  data  produced  in  this 
test  program  and  that  produced  by  Hendron,  it  must  be  concluded  that 
the  amount  of  active  arching  is  dependent  upon  the  location  of  the 
structure  relative  to  the  fixed  boundary  underneath  it.  In  addition, 
the  manner  of  inducing  arching  is  important.  The  amount  of  active 
arching  produced  by  lowering  the  top  of  the  device  by  decreasing  the 
internal  pressure  was  higher  than  that  produced  by  a  comparable  spring¬ 
ring  device  whose  deflection  was  caused  by  external  pressures  acting 
on  the  device.  Thus,  both  the  location  of  the  test  structure  with 
reference  to  a  fixed  boundary  and  the  path  of  loading  are  important 
in  studying  active  arching.  The  differential  pressure  experienced  by 
the  structure  is  not  simply  a  function  of  the  differential  deflection 
between  the  structure  and  the  soil  at  some  particular  point.  Both  the 
free  field  and  immediately  adjacent  soil  deflections  appear  to  affect 
the  amount  of  active  arching  which  the  structure  can  induce. 

In  Figure  93  the  passive  arching  curve  produced  in  Test  5  using 
the  hydraulically  controlled  test  device  is  shown  along  with  a  com¬ 
parable  trapdoor  test  by  Hendron.  Until  the  scaled  deflection  reached 
approximately  15  x  10  ,  the  curves  are  very  similar.  This  appears 
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to  be  reasonable  since  the  lower  boundary  of  the  test  chamber  should 

not  be  as  important  as  in  active  arching,  i.e.  no  unloading  to  a 

fixed  base.  In  passive  arching,  it  is  the  strength  of  the  soil  above 

the  device  which  is  involved.  After  a  scaled  differential  deflection 
.•3 

of  15  X  10  was  exceeded  and  the  arching  factor  approached  2,  the  ef¬ 
fects  of  the  soil  over  and  under  the  device  began  to  be  seen  in  Fig¬ 
ure  93.  The  hydraulic  structure  in  Test  5  could  never  be  as  rigid  as 
the  trapdoor  because  of  its  location  within  the  medium.  The  structure- 
soil  system  acts  like  a  compound  spring  system.  The  higher  the  load 
on  the  structure,  the  more  the  soil  under  the  device  governs  the 
actions  of  the  system. 

Figure  37  shows  a  comparison  of  the  relative  deflections  during 
pressurization  and  the  creep  period  while  the  top  of  the  device  used 
in  Test  5  was  held  rigid.  Note  that  the  base  deflection  significantly 
exceeded  the  deflection  of  the  soil  at  the  same  level.  This  behavior 
was  observed  throughout  the  test.  The  interaction  between  the  device 
and  the  soil  under  it  is  not  present  in  a  perfectly  rigid  trapdoor  and 
partially  accounts  for  the  fact  that  larger  passive  pressure  dif¬ 
ferences  were  observed  on  the  trapdoor  than  on  the  top  of  the  floating 
structure  used  in  this  study. 

Based  on  the  very  limited  data  available  at  P  =  37.5  psi  and 

O 

H/b  =  1  ,  the  lower  boundary  of  the  test  chamber  appears  to  have  no 
effect  on  the  passive  arching  phenomenon  itself.  The  presence  of  the 
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soil  under  the  device  does  limit  the  stiffness  and  thus  the  actual 
differential  deflection  possible  with  the  floating  device  as  compared 
with  the  rigid  trapdoor. 

5.1.3  Pressure  Effects.  Because  of  the  pressure  leakage  ob¬ 
served  in  Test  2,  it  is  difficult  to  determine  pressure  effects  in 
the  static  test  series.  A  plot  of  differential  pressure  versus  dif¬ 
ferential  deflection  for  both  the  trapdoor  and  hydraulically  controlled 
device  is  shown  in  Figure  94. 

At  a  scaled  depth  of  Jl/B  =  1  ,  Hendron's  data  show  that  the  dif¬ 
ferential  pressure  increased  at  a  constant  differential  deflection 
when  the  surface  pressure  was  increased  from  37*5  to  75  psi.  The  pres¬ 
sure  difference  increased  with  increasing  differential  deflection. 

This  action  appeared  to  result  from  the  change  in  modulus  of  the  soil 
with  surface  pressure.  Data  from  the  present  test  series  show  simi¬ 
lar  effects  within  the  range  of  deflections  available. 

The  differential  pressures  attained  in  both  this  study  and 
Hendron's  show  that  a  surface  pressure  of  37.5  psi  was  insufficient 
to  develop  the  full  strength  of  the  clay,  Table  1  and  Figure  94.  The 
slopes  of  the  curves  for  Pg  =  75  psi  and  h/b  =  1  plus  the  differ¬ 
ential  pressures  of  approximately  45  psi  ultimately  attained  in  both 
sets  of  experiments  show  that  the  full  strength  of  the  soil  was  de- 

O 

veloped  at  large  differential  deflections,  -9.14  x  10  for  the  trap- 
door  configuration  and  -77.17  x  10  for  the  floating  device. 
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The  large  difference  between  the  differential  deflections  re¬ 
quired  to  develop  a  particular  differential  pressure  is  attributable 
to  the  lower  boundary  effects  in  the  trapdoor  experiments. 

The  effects  of  surface  pressure  also  were  studied  by  comparing 
the  results  obtained  in  Tests  3  and  8  at  H/B  =  3  and  P  =  37.5  and 
240  psi  ,  respectively.  Early  in  the  pressurization  of  Test  8  at  dif¬ 
ferential  deflections  of  -0.006  and  -0.012  when  the  surface  pressure 
was  30  and  60  psi,  respectively,  the  differential  pressures  attained 
at  comparable  differential  deflections  were  almost  identical,  Table  5. 

Once  P  exceeded  65  psi  in  Test  8,  the  results  were  no  longer  com- 
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parable  with  Test  6  in  which  the  maximum  P^  was  equal  to  37.5  psi. 
These  results  appear  to  show  that  at  low  surface  pressures  soil 
modulus  is  important,  but  at  high  surface  pressures  the  soil  strength 
determines  the  differential  pressures  attainable  at  a  constant  depth 
of  burial. 

It  is  of  interest  to  compare  the  pressure  profiles  in  Figures  26 
through  28  with  the  theoretical  pressure  profiles  shown  in  Figures  3 
through  5.  In  Figure  3a  Monfore  shows  a  distribution  determined  by 
elastic  analysis.  Although  the  distribution  was  devised  to  determine 
the  effects  of  geometry  and  relative  compressibility  on  the  registra¬ 
tion  of  a  pressure  gage,  it  is  just  as  applicable  to  the  device  used 
in  this  test  series.  No  attempt  was  made  in  the  present  experiments 
to  determine  the  distribution  of  pressure  on  the  top  of  the  device. 


The  distribution  very  near  the  gage  resembles  that  seen  in  the  active 
tests,  for  example  Figure  26a.  Note  that  the  extent  of  the  high- 
pressure  region  is  dependent  upon  the  ratio  of  the  gage  thickness  to 
the  gage  diameter.  According  to  Monf ore's  two-dimensional  elastic 
solution,  effects  should  have  been  observed  to  a  radius  of  approxi¬ 
mately  12  inches.  This  was  not  found  to  be  true  in  the  three- 
dimensional  tests  performed  in  this  study.  The  majority  of  the  re¬ 
distribution  of  the  arching  effects  occurred  within  one  >ture 
radius  of  the  outside  of  the  device.  None  occurred  outside  of  a 
radius  equal  to  one  structure  diameter.  As  discussed  in  Chapter  4 
and  Section  5.2.1  and  as  illustrated  by  comparing  Figures  26b  and 
27c,  an  increase  in  surface  pressure  from  37.5  to  75  psi  at  a  constant 
depth  of  burial  of  6  inches  does  enlarge  the  area  adjacent  to  the  top 
of  the  structure  affected  by  active  arching. 

Finn  also  presented  an  elastic  solution  to  a  similar  problem. 

His  distribution  of  arching  stresses  resulting  from  the  lowering  of 
a  trapdoor  is  shown  in  Figure  4  and  is  similar  to  that  shown  by 
Monf  ore.  The  shape  of  the  distribution  also  is  similar  to 
that  observed  at  the  level  of  the  top  of  the  device  during  the  low- 
pressure  (37.5  psi),  static,  active  arching  tests  in  the  present 
program. 

Finn's  solution  shows  that  the  effects  of  active  arching  are 
dissipated  at  a  height  of  2-1/2B  or  15  inches,  in  our  case,  above  the 
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trapdoor.  Compare  this  with  the  effects  shown  in  Figure, 32.  Except 
during  long-term  creep  at  Pa  =  240  psi  ,  the  results  of  the  static 
tests  confirm  Finn’s  results.  In  fact,  the  effects  appear  to  dissi¬ 
pate  at  a  height  of  less  than  2-1/2B.  Examination  and  comparison 
of  Figures  31b  with  31d  and  32a  with  32b  indicate  that  the  height 
above  the  device  to  which  arching  effects  extend  is  affected  by 
pressure.  At  Pg  =  37*5  psi  the  effects  appear  to  extend  one  struc¬ 
ture  radius  as  compared  to  one  structure  diameter  at  50  psi.  Some 
of  these  effects  may  have  been  due  to  creep.  When  the  37.5-Psi  re¬ 
sults  at  h/b  =  3  are  compared  with  those  of  Pg  =  240  psi  at 
h/b  =  3  ,  the  height  affected  appears  to  extend  less  than  two  struc¬ 
ture  diameters  at  the  higher  pressure  as  compared  to  less  than  one 
structure  diameter  at  the  lower  pressure.  This  appears  to  be  the 
result  of  the  three-dimensional  effects  and  the  total  amount  of 
energy  dissipated  within  a  given  volume  of  soil  under  plastic  and 
elastic  deformation  conditions. 

The  tension  discussed  by  Finn,  Terzaghi  (1919)  and  Richart  ap¬ 
peared  to  be  present  in  the  experimental  program.  Although  the  tensile 
forces  transmitted  within  the  medium  could  not  have  been  large,  exami¬ 
nation  of  the  deformation  patterns  within  the  soil,  especially  within 
one  structure  radius  above  the  device,  showed  that  tension  stresses 
had  existed. 

Section  2.6.2  of  Chapter  2  discusses  the  work  of  several  authors 
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in  more  detail.  One  of  the  more  interesting  is  an  elastoplastic 
solution  for  the  stress  around  a  tunnel  located  in  rock  by  Sirieys, 
Figure  5.  Although  the  distribution  cannot  be  applied  directly  to 
the  test  results  in  this  report,  it  can  be  of  assistance  in  inter¬ 
preting  the  distributions  observed.  The  distribution  developed  by 
the  elastic  solution.  Figure  5d,  is  similar  to  those  shown  in  Figures 
3  and  4  but  was  changed  considerably  by  the  plastic  region,  Figures  5b 
and  5c.  The  latter  distributions  appear  very  similar  to  those  in 
Figures  2 6  through  28.  An  elastoplastic  solution  certainly  seems  to 
be  more  reasonable  based  on  the  properties  of  the  material  and  the 
observed  test  results. 

During  the  passive  arching  phase  of  Test  4  with  a  hydraulically 
controlled  device  at  a  scaled  depth  of  1  and  a  surface  pressure  of 
75  psi,  the  maximum  differential  pressure  was  +36.1  psi.  This  pres¬ 
sure  was  only  2.7  psi  less  than  that  developed  during  the  initial 
passive  arching  phase  of  Test  5.  Within  the  37.5-  to  75-psi  range  of 
surface  pressures,  there  were  virtually  no  surface  pressure  effects 
at  a  scaled  depth  of  1.  This  lack  of  significant  pressure  effects 
also  was  observed  by  Hendron  (1968)  as  shown  in  Figure  97. 

In  summary,  the  volume  of  soil  affected  by  active  arching  ap¬ 
pears  to  increase  with  an  increase  in  the  surface  pressure  from  37.5 
to  240  psi  at  a  constant  depth  of  burial.  The  amount  of  active 

arching  at  h/B  =  1  is  increased  by  increasing  P  from  37.5 
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to  75  psi.  At  Pg  =  37.5  and  h/d  =  1  ,  all  of  the  surface  pressure 
was  dissipated  by  active  arching.  At  Pg  =  75  psi  and  H/B  =  1  ,  the 
maximum  differential  pressure  developed  was  3*3  times  the  unconfined 
shear  strength  of  the  clay  as  determined  by  both  the  trapdoor  and  the 
hydraulically  controlled  floating  structure. 

5.1.U  Depth  of  Burial.  Figure  95a  is  a  plot  of  the  limited 
static  data  which  shows  the  effects  of  depth  of  burial.  The  plot  could 
just  as  easily  have  been  made  with  straight  lines.  A  similar  plot 
was  used  by  Mason  (1965)  to  present  the  effects  of  burial  depth  in 
sand. 

The  important  finding  is  that  at  a  scaled  burial  depth  of  1  the 
soil  was  able  to  absorb  the  full  surface  pressure  of  37.5  psi  under 
active  arching  conditions.  A  scaled  depth  of  3  was  not  required  to 
take  full  advantage  of  active  arching  at  this  surface  pressure  and 
with  water  contents  of  approximately  2 6  percent.  Similar  results  were 
found  when  Tests  2,  3»  and  5  were  recycled  through  the  active  arching 
phase. 

When  the  surface  pressure  was  raised  to  75  psi,  a  scaled  depth  of 
1  was  not  sufficient  to  completely  dissipate  the  surface  pressure. 

The  arching  curve  for  this  test  in  Figure  23  shows  that  further  device 
deflection  would  not  have  changed  the  differential  pressure  signifi¬ 
cantly.  The  maximum  differential  pressure  attained  was  approximately 
3.3  times  the  unconfined  shear  strength  of  the  clay. 


In  Test  3  at  h/b  =  3  »  the  last  active  cycle  was  at  a  surface 
pressure  of  50  psi.  Even  after  remolding,  a  scaled  depth  of  3  was 
sufficient  to  dissipate  the  full  surface  pressure  and  a  scaled  dif¬ 
ferential  pressure,  2AP/qu  ,  of  -2.73  was  developed. 

When  the  surface  pressure  was  raised  to  240  psi  with  the  spring¬ 
ring  device  at  H/B  =  3  >  the  maximum  scaled  differential  pressure 
reached  -5*2,  Table  1.  From  the  appearance  of  the  arching  curve  in 
Figure  25b,  it  can  be  seen  that  this  differential  pressure  was  prob¬ 
ably  the  maximum  active  arching  available  at  this  depth  of  burial  and 
soil  strength. 

Figure  95b  was  prepared  at  a  reasonable  and  constant  AD/B  x  1,000 

of  -2.5.  In  this  manner,  it  is  easier  to  see  the  effects  of  depth  of 

burial  at  P  =  37. 5  psi.  Figure  95a  shows  that  the  structure  was 
b 

fully  buried  at  H/B  =  1  and  P_  =  37.5  psi  .  This  condition  is  also 

b 

apparent  at  the  deflection  used  in  Figure  95b.  At  Pg  =  37.5  psi  and 
small  structure  deflections  such  as  those  illustrated  in  Figure  95b, 
the  soil  and  structure  appear  to  be  responding  chiefly  to  modulus 
considerations.  This  is  further  illustrated  by  the  effects  of  raising 
the  surface  pressure  to  75  psi  at,  H/B  =  1  . 

Figure  94  also  indicates  the  effects  of  depth  of  burial  at  various 
scaled  deflections.  Within  the  37. 5-  to  75-psi  surface  pressure  range, 
a  given  deflection  dissipates  more  load  at  deeper  depths  of  burial 
until  the  entire  surface  pressure  has  been  dissipated.  Take,  for 
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example,  P_  =  37.5  psi  at  scaled  depths  of  burial  of  1  and  3*  At 
these  depths  of  burial,  the  structure  is  "fully  buried."  This  does 
not  mean  that  the  maximum  arching  possible  at  these  depths  of  burial 
has  been  developed.  But  if  the  arching  curve  becomes  parallel  to  the 
deflection  axis  and  the  differential  pressure  is  less  than  the  surface 
pressure,  then  the  maximum  arching  for  this  depth  of  burial  has  been 
developed.  The  curves  for  H/B  =  l/3  at  Pg  =  37.5  psi  in  Figure  94 
are  an  example  of  this. 

Figure  94  shows  that  active  arching  is  very  sensitive  to  depth 
of  burial  at  a  surface  pressure  of  37*5  psi  and  shallow  depths  of 
burial.  Ultimate  arching  at  =  37-5  psi  was  developed  at  both 

H/B  =  1  and  H/B  =  3  when  a  large  range  of  differential  deflections 
was  available. 

The  number  of  static,  passive  arching  tests  was  insufficient  to 
draw  any  conclusions  concerning  the  effects  of  depth  of  burial.  The 
one  data  point  available  is  shown  in  Figure  95- 

As  structure  burial  increases  at  a  constant  surface  pressure  and 
differential  deflection,  the  amount  of  active  arching  will  increase 
until  the  structure  becomes  fully  buried.  At  this  depth,  all  the 
surface  pressure  has  been  dissipated  by  the  arching  and  further  burial 
is  not  necessary.  At  37.5  psi,  further  burial,  increasing  103  from  1 
to  3  ,  does  increase  the  differential  pressure  more  rapidly,  i.e.,  at 
a  constant  differential  deflection  and  surface  pressure,  more  load 


is  arched  away  at  the  deeper  depth. 

5.1.5  Arching  Curves.  The  static  arching  curves  in  Figures  21 
through  25,  92,  and  9k  show  that  as  a  structure  pushes  into  the  soil 
around  it  the  arching  curve  follows  a  different  path  from  that  which 
it  follows  when  it  pulls  away  from  the  soil  around  it.  The  load- 
deformation  curve  does  not  follow  along  the  same  path  in  the  loading 
and  unloading  cycles.  This  is  an  important  consideration  for  those 
formulating  interaction  and/or  design  codes.  The  form  of  the  arching 
curves,  their  slopes,  their  range  of  values,  and  their  change  from 
active  to  passive  or  vice  versa  should  be  considered  in  the  design 
of  a  soil-structure  interaction  code. 

Examination  of  the  active  arching  portions  of  Figures  21  through 
2^a  shows  that  as  the  top  of  the  hydraulically  controlled  device  pulled 
away  from  the  soil,  a  decrease  in  the  load  was  experienced  by  the 
structure.  Initially,  the  load  decrease  was  very  large  for  small 
deflections.  If  it  were  possible  to  scale  these  curves  to  a  practical 
structure  size,  according  to  the  results  for  Test  1,  the  top  of  a 
structure  20  feet  in  diameter,  with  less  than  7  feet  of  earth  cover, 
should  only  have  to  experience  a  total  deflection  of  approximately 
2.1  inches,  of  which  1.1  inch  would  be  punching  of  the  base  into  the 
soil,  to  lose  approximately  27  percent  of  the  incident  load,  at  a  sur¬ 
face  pressure  of  38  psi.  If  the  total  deflection  of  the  structure  was 
increased  to  5*3  inches  with  its  top  deflecting  3*8  inches  with  respect 
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to  the  base,  approximately  1.5  percent  of  the  structure  span,  43  per¬ 
cent  of  the  load  would  be  arched  away  from  the  structure. 

If  this  same  structure  had  20  feet  of  clay  cover  (H/B  =  1),  the 
test  results  indicate  that  a  total  structure  deflection,  base  plus 
top  relative  to  the  base,  of  approximately  0.4  inch  would  be  suf¬ 
ficient  to  arch  away  27  percent  of  the  load.  Over  92  percent  of 
the  load  could  be  relieved  with  a  total  structure  deflection  slightly 
over  3*5  inches. 

By  increasing  the  surface  pressure  to  75  psi  at  this  20-foot 
burial,  and  at  a  total  structure  deflection  of  less  than  0.5  inch, 
the  load  arched  off  the  structure,  approximately  10  psi,  did  not 
change .  Obviously  the  percentage  of  load  lost  decreased,  but  the 
amount  of  soil  shear  strength  mobilized  for  this  differential  deflec¬ 
tion  at  this  depth  changed  very  little  with  the  doubling  of  the  sur¬ 
face  pressure. 

At  the  75-psi  surface  pressure,  Figure  23  shows  that  it  was  not 
possible  to  arch  away  90  percent  of  the  load  with  only  20  feet  of 
cover.  The  maximum  differential  pressure  was  approximately  60  percent 
of  the  surface  pressure. 

Comparing  ultimate  arching  in  Tests  2  and  4,  Table  1,  it  can  be 
seen  that  the  full  shear  strength  of  the  soil  was  not  being  utilized 
in  Test  2  even  though  the  arching  curve  was  parallel  to  the  deflection 
axis.  A  larger  differential  pressure,  -45.2  psi  versus  -37.0  psi,  was 
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developed  in  Test  4  with  Pg  =  75  psi  .  In  Test  2 ,  the  AP  was  ap¬ 
proximately  equal  to  the  surface  pressure,  so  no  more  load  was  avail¬ 
able  for  arching.  The  mere  fact  that  an  arching  curve  is  parallel  to 
the  deflection  axis  or  the  arching  ratio  is  near  zero  is  not  sufficient 
evidence  to  state  that  ultimate  arching  exists.  In  order  to  prove 
maximum  arching  at  a  particular  depth,  the  differential  pressure  must 
not  increase  with  increasing  deflection  and  it  must  be  less  than  the 
surface  pressure. 

The  arching  curves  for  the  spring-ring  device  in  Figures  24b  and 
25b  show  that  load  was  not  arched  away  from  the  structure  as  rapidly 
with  deflection  as  when  the  top  of  the  structure  was  pulled  away  from 
the  soil.  The  initial  slope  of  the  arching  curves  is  considerably 
less  them  the  slope  in  a  comparable  test  using  the  hydraulic  device, 
Figure  21b.  Apparently  considerable  deflection  is  required  to  induce 
significant  arching.  For  example,  it  took  over  3  times  as  much  dif¬ 
ferential  deflection  to  lose  approximately  10  psi  in  Test  6  as  it  took 
to  lose  the  same  AP  in  Test  2.  The  total  structure  deflection  in  this 
case  was  over  17  times  as  much  and  the  deflection  of  the  top  alone  was 
over  5  times  as  much  as  required  to  lose  the  same  pressure  in  Test  2. 

Figure  24b  shows  that  the  ultimate  differential  deflection  of 
Test  6  was  very  close  to  that  in  Test  2  because  the  soil  under  the 
device  reacted  sharply  to  the  unloading  of  the  structure.  At  a  dif¬ 
ferential  pressure  of  14.1  psi,  the  scaled  differential  deflections 
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were  2.17  and  2.50  in  Tests  2  and  6,  respectively,  and  the  deflections 
of  the  top  of  the  device  with  respect  to  the  base  were  0.14  and  0.12. 

Comparing  Figures  24b,  25a,  and  25b  with  Figures  21  through  24a 
reveals  that  the  shape  of  the  active  arching  curves  was  changed  by 
the  change  in  test  methods.  The  pressure- induced  curves  (spring-ring 
device)  have  a  flatter  initial  slope.  The  shape  of  the  passive  por¬ 
tions  of  the  curves  was  not  affected  to  the  same  degree  as  there  was 
only  a  slight  decrease  in  the  slope  of  the  pressure-induced  curves. 

Figures  92  ,  93  >  and  94  show  that  the  form  of  the  active  and 
passive  arching  curves  produced  by  using  the  trapdoor  configuration 
is  very  similar  to  those  produced  by  the  structure- induced  arching 
in  Tests  1  through  5  of  this  program.  In  addition,  most  of  the 
recycled  passive  arching  curves  are  similar  to  the  structure- 
induced  curve  in  the  initial  cycle  of  Test  5. 

The  active  and  passive  curves  produced  using  the  hydraulic  test 
device  have  a  similar  shape,  Figures  21  through  24a.  This  is  espe¬ 
cially  true  for  Figures  21a,  23,  and  24a.  In  Figures  24b  and  25b, 
the  active  and  passive  arching  curves  produced  using  the  spring-ring 
device  are  not  similar;  the  passive  curves  resemble  the  passive 
curves  in  Figures  21  through  24b  and  the  active  curves  are  lot  simi¬ 
lar  to  the  curves  produced  by  any  other  test  method.  Thus,  the  form 
of  passive  arching  curves  does  not  appear  to  be  affected  by  the  method 
of  inducing  arching  but  that  of  the  active  arching  curves  is. 
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The  larger  deflection  needed  to  induce  active  arching  when  the 
structure  is  loaded  externally  could  be  very  important  in  buried  struc 
ture  design  and  shows  that  the  use  of  arching  curves  produced  by  the 
reduction  of  internal  pressures  at  a  constant  surface  pressure  to 
simulate  active  arching  conditions  on  a  real  structure  is  questionable 
3,1.6  Active  and  Passive  Arching.  From  an  analysis  of  the  test 
results ,  it  can  be  seen  that  active  arching  is  dependent  upon  at  least 
the  following  variables:  surface  pressure,  depth  of  structure  burial, 
relative  deflection  between  soil  and  structure,  soil  strength,  and 
structure  flexibility.  The  test  results  also  showed  that  active 
arching  is  sensitive  to  the  test  configuration  used  and  the  method  of 
inducing  arching,  i.e.,  decreasing  the  pressure  on  the  inside  of  the 
structure  or  increasing  the  pressure  of  the  soil  surface. 

At  a  particular  surface  pressure,  it  is  possible  to  develop  full 
arching  if  the  structure  is  buried  deep  enough  and  has  sufficient 
flexibility.  Thus,  flexibility  and  depth  of  burial  both  contribute 
to  the  reduction  of  the  design  load.  The  flexibility  aspects  of 
Tests  6,  7,  and  8  are  discussed  with  the  dynamic  tests  in  Section  5*3. 

Several  methods  of  design  which  take  into  consideration  soil 
arching  have  been  proposed.  Some  of  the  more  important  contributions 
are  discussed  in  Chapter  2.  In  general,  these  methods  may  be  divided 
into  two  classes:  those  which  consider  the  equilibrium  of  horizontal 
differential  soil  elements  between  two  sliding  surfaces,  and  those 


which  consider  that  actual  arches  form  in  the  soil.  In  the  first  case 


the  sliding  surfaces  are  usually  vertical,  but  some  authors  have  con¬ 
sidered  surfaces  which  propagate  at  an  angle  to  the  vertical. 

As  discussed  i  >.  Section  5-1.1  there  were  no  clearly  defined  shear 
planes  under  active  arching  conditions.  There  appeared  to  be  a  zone 
of  deformation  which  extended  both  inside  and  outside  of  the  volume  of 
soil  directly  above  the  device.  The  zone  was  most  clearly  seen  in 
Test  1  since  the  deformation  pattern  intersected  the  soil  surface, 
Figures  41  and  42.  The  deformations  seemed  to  indicate  failure  in  the 
soil.  The  strain  measured  at  the  top  of  the  device  ranged  from  16  to 
?5  percent  and  that  at  the  surface  ranged  from  9  to  16  percent.  With 
strains  of  this  magnitude,  the  strength  of  buckshot  clay  is  normally 
developed,  Appendix  A., 

Based  on  the  deformation  patterns  and  the  soil  characteristics, 
an  attempt  was  made  to  analyze  Test  1  and  later  Tests  3  and  4  using 
a  shear  plane  analysis. 

Terzaghi's  (1943)  solution  to  the  static  soil  arching  problem, 
as  modified  by  Mason  (1965),  was  tried  initially: 


Pm  = 


B 


T  4k  tan  $ 


1  kc  \ 

-2K(tan  0) 

r  "  T 

1  -  e 

\  / 

j 

-2K  tan  0  ^ 

♦  P,e  B  (13) 


(Equation  has  been  modified  to  incorporate  notation  used  in  this 
report. ) 
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Y  =  the  unit  weight  of  the  soil.  Assumed  to  be  zero  since 
its  effects  are  so  small  as  compared  to  those  of  Ps 

C  =  soil  cohesion 

0  =  angle  of  internal  friction  or  shearing  resistance 
(it  is  recognized  that  both  C  and  0  may  not  actually  describe  the 
phenomena  alleged  in  the  definitions.  They  are  used  as  the  parameters 
which  describe  the  intercept  of  the  rupture  line  with  the  vertical 
axis  and  the  slope  of  the  rupture  line  with  reference  to  the  hori¬ 
zontal  axis  in  a  Mohr's  diagram.) 

Values  of  0  and  C  were  determined  by  UU  or  Q  triaxial  tests, 
Appendix  A. 

Values  for  K  ,  the  ratio  of  horizontal  to  vertical  stress,  were 
estimated  using  Figures  29  and  32.  Four  values  of  K  ,  0.8,  0.9,  1.0, 
and  1.1,  were  tried.  Actually  this  solution  is  not  sensitive  to 
changes  in  the  value  of  K  for  values  of  nearly  equal  to  zero. 

The  stress  acting  on  the  structure  which  was  calculated  using  this 
approach,  and  assuming  fu‘  *  elopment  of  shear  planes  to  the  sur¬ 

face,  was  approximately  10  psi  higher  than  the  stress  measured  in 
Test  1.  For  Test  4  at  Pg  =  75  psi  and  H/B  =  1  ,  the  calculated 
stress  acting  on  the  structure  was  approximately  26  psi  lower  than 
that  measured  when  6  inches  of  cover  were  considered  and  approxi¬ 
mately  8  psi  higher  than  that  measured  when  only  3  inches  of  cover 
were  considered.  If  the  Terzaghi  approach,  as  modified  by  Mason,  was 


258 


going  to  be  applicable  to  the  static  tests  in  this  program,  it  should 
have  worked  for  Test  1  at  h/b  =  l/3  .  The  soil  deformations  observed 
and  the  arching  curves  indicate  that  the  shear  strength  of  the  clay 
above  the  device  was  fully  developed.  A  check  of  all  static,  active 
arching  tests  showed  that  this  approach  was  overly  conservative  when 
H/B  =  l/3  was  considered  and  that  it  severely  underestimated  the 
loads  on  the  structure  at  H/B  =  1  or  more. 

The  design  procedure  in  the  Air  Force  Design  Manual  by  Newmark 
and  Haltiwanger  also  was  tried.  (This  procedure  in  several  forms  ap¬ 
pears  in  many  publications.)  Case  1,  which  assumes  the  development 
of  maximum  shearing  stress  along  the  entire  slip  plane,  was  used. 

4KH  tan  $ 


,  _  UP  tan  0 
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(Equation  has  been  modified  to  use  notation  used  in  this  report.) 

For  Test  1  at  h/b  =  l/3  and  P  =  37.5  psi  ,  the  calculated 
solution  for  the  stress  acting  on  the  structure  was  approximately 
8  psi  higher  than  the  measured  stress.  In  Test  U  at  H/B  =  1  and 
Ps  =  75  psi  ,  the  calculated  value  of  P^,  was  conservative  by  ap¬ 
proximately  20  psi  when  compared  with  its  measured  value. 

Although  shear  deformations  were  found  in  the  soil,  this  does  not 
prove  that  something  similar  to  soil  arches  does  not  form  in  the  soil. 
It  would  seem  to  be  natural  for  the  soil  to  tend  tcvard  an  arch 
formation  in  order  to  transfer  stress  around  a  cavity,  Richart.  Soil 
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radiographs  and  examination  of  the  actual  soil  indicate  that  there 
may  be  such  a  phenomenon,  for  example,  the  deformation  patterns  in 
Figure  4lb.  A  tension  crack  can  be  seen  in  the  soil  at  the  upper 
right  corner  of  the  structure.  This  shows  that  the  structure  and 
soil  dome  partially  pulled  away  from  the  soil  above.  Notice  the 
change  in  the  texture  of  the  soil  above  and  below  this  crack.  Above 
the  crack,  the  soil  appears  to  be  deforming  in  an  arch  pattern.  The 
support  of  the  arch  would  be  adjacent  to  the  top  of  the  device  in  the 
heavily  deformed  material.  Figure  26a  shows  that  pressure  was  con¬ 
centrated  in  this  deformed  area. 

An  analysis  of  Test  1  was  attempted  using  an  arch  theory  similar 
to  that  hypothesized  by  Engesser  and  later  alluded  to  by  Tschebotarioff 
(1951).  A  parabolic  arch  with  supports  in  the  area  delineated  by  Fig¬ 
ures  26a  and  4-lb  was  used.  A  uniform  vertical  loading  was  assumed  so 
that  tensile  and  bending  stresses  were  avoided.  The  maximum  support 
reaction  was  assumed  to  be  the  surface  pressure  multiplied  by  the 
coefficient  of  passive  earth  pressure.  The  use  of  this  coefficient 
would  appear  to  conform  to  the  stress  conditions  hypothesized  by 
Terzaghi  (1943). 

Using  ft  -  6  degrees  and  C  =9*0  psi  ,  as  determined  by  UU 
triaxial  tests,  in  the  following  equation 


tan"  45  +  |  +  |r 
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the  value  for  Kp  was  determined  to  be  1.86  using  an  overpressure, 

,  of  37.5  psi.  The  maximum  pressure  which  the  soil  could  support 

with  P  =  37.5  psi  would  be  approximately  70  psi,  assuming  that  the 

O 

coefficient  of  passive  earth  pressure  governed  the  support  capacity  of 
the  soil.  Examination  of  Figure  4lb  shows  that  th?  arch  reaction 
should  be  inclined  at  an  angle  of  approximately  45  degrees  from  the 
vertical.  This  is  reasonable  when  compared  with  the  37.2  degrees 
measured  in  Test  8  at  103  =  3  ,  Figure  34.  Using  45  degrees  as  the 

inclination  of  the  reaction  and  a  maximum  reaction  of  70  psi,  the 

vertical  component  of  the  reaction  is  49  psi.  Figure  ?6a  shows  that 
active  arching  affected  the  soil  at  the  level  of  the  device  to  a  radius 
of  6  to  6-1/2  inches.  The  peak  pressure  measured  in  this  area  at 
ultimate  arching  was  47.5  psi.  When  a  load  balance  was  made  within 
an  area  surrounding  the  centerline  of  the  test  chamber  at  a  radius  of 
6  inches,  using  a  surface  pressure  of  37.5  psi  and  a  vertical  reaction 
of  49  psi  in  the  annular  area  surrounding  the  device,  no  load  should 
have  been  measured  on  the  device.  The  actual  load  on  the  top  of  the 
device  at  maximum  arching  was  13.3  psi. 

Although  Figure  34  was  constructed  using  Test  8  data,  it  should 
be  an  indicator  of  the  directions  and  changes  in  direction  of  the 
principal  stress.  In  hypothesizing  arches  within  the  soil,  one  might 
assume  that  the  direction  of  the  principal  stress  would  be  vertical 
above  the  arch  and  horizontal  below  the  arch  under  active  arching 
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conditions.  Figure  34  shows  that  6  inches  above  the  device  the 
principal  stress  was  essentially  vertical  at  the  beginning  of  the  test 
and  rotated  toward  a  horizontal  direction  as  the  arching  action 
progressed.  The  stress  circle  at  the  4.5-inch  radius  6  inches  above 
the  device  shows  the  principal  stress  acting  in  a  direction  which 
would  appear  to  coincide  with  the  direction  of  the  compressive  stress 
within  a  "soil  arch."  The  principal  stress  is  directed  away  from 
the  soil  above  the  device  at  an  angle  of  40  degrees  to  the  vertical. 
The  stress  circle  approximately  2  structure  diameters  directly  above 
the  device  and  at  a  4.5-inch  radius  shows  the  load  being  directed 
away  from  the  soil  above  the  device.  The  direction  of  the  principal 
stress  at  this  level  also  changed  from  a  vertical  position  to  a  posi¬ 
tion  which  might  correspond  to  the  axis  cf  an  arch  if  one  existed. 

The  planes  of  maximum  shear  shown  at  the  level  of  the  top  of  the 
device  at  a  radius  of  4.5  inches  are  more  vertical  than  those  hypothe¬ 
sized  in  Figure  42  for  Test  1. 

The  hypothesized  planes  of  maximum  shear  were  drawn  by  using  the 
extent  of  the  deformed  area  above  the  device.  The  area  involved 
would  correspond  to  the  zone  of  radial  shear  if  one  existed.  The  37  •  5- 
psi  surface  pressure  and  the  extent  of  the  vertical  deformation  were 
sufficient  to  cause  soil  failure  to  occur  under  triaxial  conditions. 

The  specimen  in  the  triaxial  tests  for  Test  1  failed  by  bulging,  not 
by  the  development  of  cracks  or  slip  planes. 
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The  deformation  phenomenon  which  occurred  at  seme  depth  in  most  of 
the  static,  active  arching  tests  raises  questions  concerning  both  the 
slip  plane  and  the  arching  theories.  Neither  theory  explains  the 
soil  bulging  around  the  depression  which  occurred  at  the  surface  for 
Test  1,  Figure  4lb,  and  at  various  depths  for  other  tests,  Figures  45 
and  89.  This  hump  sometimes  progressed  to  a  radius  of  9  to  12  inches 
or  one  structure  diameter  outside  the  depression.  The  appearance  of 
the  soil  under  the  ridge  or  hump  was  similar  to  that  seen  in  a  tri- 
axial  test  when  the  soil  failed  by  bulging  rather  than  along  a  shear 
plane.  In  the  radiograph  for  Test  1,  Figure  4lb,  what  appear  to  be 
fissures  in  the  soil  can  be  seen  under  the  ridge.  With  the  soil  de¬ 
pressing  under  a  compressive  stress  as  its  support  was  removed  the 
horizontal  stress  increased  under  the  active  arching  conditions  until 
the  surface  pressure  became  the  minor  principal  stress.  As  the  soil 
failed  under  compression,  there  was  no  place  for  the  displaced  soil 
to  move  but  up  and  away  from  the  top  of  the  device. 

It  is  difficult  to  make  a  rigorous  analysis  of  the  active  arching 
problem  although  some  have  been  proposed.  Most  solutions  are  two 
dimensional.  When  the  three-dimensional  aspects  of  the  problem  are 
attacked,  then  attempted  solutions  become  extremely  complicated  and 
require  assumptions  concerning  the  properties  of  the  soil  which  are 
only  approximate  and  certainly  not  as  exact  as  the  analysis  might  lead 
one  to  believe.  In  spite  of  the  simplifying  assumptions,  a  solution 
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to  the  static  arching  problem  which  agrees  with  test  results  has  not 
been  produced  and  the  prospects  are  remote. 

The  soil  deformations  discussed  above,  especially  the  zone  of 
plastic  flow,  are  one  indication  of  the  difficulties  inherent  in  this 
problem.  Another  indication  is  the  fact  that  the  principal  stresses 
directly  above  the  device  were  not  vertical  for  passive  arching  or 
horizontal  for  active  arching  as  most  attempts  at  solution  assume, 
Figure  34.  Terzaglii  (1943)  assumed  that  the  stress  acting  on  top  of 
his  trapdoor  was  the  minor  principal  stress  under  active  arching 
conditions.  This  was  not  generally  true  during  these  tests  until 
the  soil  actually  separated,  and  then  all  the  soil  plug  was  under 
minimum  stress.  The  soil  directly  above  the  device  adhered  to  its 
top.  The  angles  which  the  radials  limiting  the  so-called  zone  of 
rauial  shear  made  with  the  horizontal  plane  did  not  correspond  to 
reasonable  ft  angles  for  this  material. 

The  passive  arching  problem  received  only  a  cursory  examination 
during  this  study.  The  soil  deformation  patterns  shown  in  Figures  47, 
48,  and  49  were  clearly  depicted.  One  or  more  domes  formed  above  the 
device  as  it  was  forced  into  the  soil.  The  soil  deformed  around  this 
dome  and  the  slickenside  appearance  of  the  dome  is  evidence  of  this 
movement,  Figure  47a.  Underneath  the  device,  the  soil  deformations 
did  not  appear  to  correspond  to  those  observed  above  the  device. 

The  device  punched  into  the  soil  somewhat.  The  soil  sloped  toward  the 
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center  of  the  test  chamber,  Figure  47b.  The  pressure  profiles  and  a 
radiograph  made  of  the  Test  7  soil  specimen  indicate  that  the  soil  de¬ 
formation  pattern  was  consistent  with  classic  bearing  capacity  theory. 

The  deformation  pattern  observed  above  the  device  conformed 
generally  with  that  hypothesized  by  Mason  (1965)  and  that  observed 
by  Abbott  and  others  in  sand.  The  deformation  pattern  under  the 
device  did  not  conform  to  any  other  previous  theory  or  hypothesis. 

Mason's  proposed  solution  for  the  passive  case  is  a  modification 

of  the  Terzaghi  approach.  A  comparison  of  the  results  from  Test  5,  at 

P  =  37.5  psi  and  H/B  =  1  ,  with  the  solution  to  Mason's  equation, 
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using  soil  parameters  determined  by  triaxial  test,  C  =  11  psi  and 
0  =  3  degrees,  was  made.  This  comparison  showed  that  AP  was  57.6  psi 
using  the  equation  while  a  AP  of  38*8  psi  was  measured  in  Test  5. 


5.2  DYNAMIC  TESTS 

The  dynamic  test  program  consisted  of  20  tests  using  the  spring¬ 
ring  device.  Tests  11  through  14  were  used  to  study  surface  pres¬ 
sure  effects.  Tests  11,  13,  15 ,  16,  18,  and  19  were  used  to  study  the 
effects  of  structure  burial.  Tests  11,  17,  24,  25,  and  27A,  B,  C  were 
used  to  study  the  effects  of  repeated  loadings  on  the  same  soil  speci¬ 
men.  Tests  20  through  28  were  used  o  study  the  effects  of  structure 
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flexibility.  It  was  not  possible  to  conduct  a  number  of  similar  tests 
in  order  to  obtain  a  statistical  average,  and  results  and  conclusions 
must  be  evaluated  with  this  fact  in  mind. 

5.2.1  Soil  Profiles.  As  with  the  static  tests,  the  deforma¬ 
tion  patterns  observed  were  more  distinct  at  the  higher  pressures, 
Figures  79 ,  82 ,  and  84.  In  addition  to  being  more  distinct,  the 
deformations  propagated  farther  vertically  and  horizontally.  Compare 
Figure  79  with  Figures  82  and  84.  Only  one  distinct  depression  was 
observed  in  Test  12,  while  two  were  found  in  Test  14  and  three  in 
Test  18. 

Although  Test  18  had  a  somewhat  higher  pressure  than  Test  14, 

310  versus  245  psi,  the  Test  18  structure  was  also  buried  2-1/3  times 
as  deep,  42  versus  18  inches.  The  spreading  of  the  deformation 
pattern,  which  can  be  seen  in  Figure  84,  evidently  is  a  manifestation 
of  both  depth  and  pressure.  Figure  87  seems  to  confirm  this 
conclusion. 

In  addition  to  the  increase  in  the  number  of  depressions  with 
pressure,  the  hump  surrounding  the  depression  pattern,  previously 
discussed  in  Section  5.1.1,  increased  in  size  with  increased 
pressure. 

At  Pg  =  37.5  psi,  the  depression-hump  pattern  was  not  observed. 
Fracture  patterns  similar  to  those  in  Figures  79  and  87  were  seen. 
Evidently  the  pressure  was  not  sufficient  to  create  large  distinct 
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soil  deformations.  It  is  assumed  that  the  soil  phenomenon  was  the  same 
at  the  low  pressures,  but  of  lesser  extent.  With  proper  techniques 
and  sufficient  time,  it  might  have  been  possible  to  discern  the  soil 
deformations  using  X-rays. 

A  conposite  drawing  of  the  soil  deformations  is  presented  in 
Figure  96.  The  triple  depression  within  the  46-  to  48-inch  layer  was 
not  found  in  soil  specimens  with  H/B  =  3  .  It  was  seen  only  in 
Test  18  at  H/B  =  7  ,  Figure  84.  The  fracture  patterns  are  typical 
of  all  dynamic  active  arching  tests.  The  center  depression  did  not 
propagate  to  the  surface  even  with  a  scaled  burial  depth  of  1/3.  The 
center  depression  appeared  to  become  smaller  in  diameter  as  it  propa¬ 
gated  above  the  device.  The  fracture  patterns  above  and  below  this 
depression  seemed  to  be  almost  a  mirror  image  of  each  other.  The  soil 
in  the  depressions  surrounding  ridges  was  very  compressed  and  dense. 
Although  the  soil  in  the  layer  above  a  depression  would  deform  into 
the  depression,  the  deformation  did  not  appear  to  be  continuous  through 
a  layer  of  soil.  For  example,  it  was  not  possible  to  follow  the  cen¬ 
tral  depression  from  the  device  to  the  surface  through  each  layer  of 
soil.  The  depression  was  found  only  at  the  artificial  surfaces  within 
the  soil  created  by  the  compaction  process.  The  soil  hump  around  the 
depression  generally  became  larger  in  diameter  as  it  propagated  toward 
the  surface.  The  surface  of  the  hump  was  slick  and  livery  in  appear¬ 
ance.  Soil  movement  had  taken  place  between  the  layers.  Outside 
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the  raised  hump,  the  soil  was  normally  tightly  bonded  and  difficult 
to  remove. 

The  ridges  and  depressions  in  the  soil  were  very  distinct  when 
found.  Figures  80  and  8l  are  good  examples  of  the  deformations 
observed. 

At  the  level  of  the  top  of  the  device,  the  principal  effects  of 
active  arching  extended  to  a  region  9  inches  or  less  from  the  center- 
line  of  the  test  chamber  or  within  one  structure  diameter  outside  the 
device.  The  majority  of  the  unloading  effects  appear  to  extend  no 
farther  than  one  structure  radius  outside  the  device.  The  pressure 
profiles  in  Figures  60  through  62,  82,  and  84  illustrate  this  point. 
Consideration  of  equilibrium  at  the  level  of  the  top  of  the  device 
confirmed  the  pressure  profiles. 

A  second  loaded  region  at  approximately  the  10-  to  l4-inch  radii 
can  be  seen  in  Figure  63a.  This  area  was  the  principal  loaded  area  for 
Test  23,  which  used  a  very  flexible  device.  This  makes  sense  when  the 
large  deflection  of  the  structure  is  considered. 

The  soil  layer  adjacent  to  the  device  was  very  deformed  in  the 
areas  loaded  by  the  active  arching,  Figure  83.  The  soil  deformations 
corresponded  very  closely  with  the  vertical  pressure  profiles  at  the 
level  of  the  top  of  the  device. 

The  pressure  profiles  showing  variation  of  soil  stress  with 
depth,  such  as  those  in  Figures  64  through  66,  showed  that  the  effects 
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of  arching  extended  at  least  12  to  15  inches  above  the  device  depending 
upon  surface  pressure  and  depth  of  cover.  This  was  confirmed  by  the 
deformations  observed.  The  pressure  profiles  also  shewed  that  the 
arching  effects  progressed  upward  with  time,  but  much  more  rapidly 
than  under  static  conditions.  As  the  arching  moved  up,  the  region 
approximately  3  inches  above  the  device  appeared  to  become  free  of 
arching  effects.  For  example,  a  region  between  3  and  12  inches 
above  the  device  was  affected  in  Test  13.  The  major  portion  of  the 
arching  appeared  to  be  taking  place  within  the  soil  one  structure 
diameter  above  the  device.  All  tests  showed  that  the  majority  of  all 
active  arching  took  place  within  3  to  6  inches  above  the  device,  ex¬ 
cept  for  Test  15. 

In  all  the  active  arching  tests  there  was  a  region  1  to  3  inches 
thick  at  the  soil  surface  which  appeared  to  be  completely  unaffected 
by  tne  arching. 

The  height  and  width  of  the  arching  effects  were  confirmed  by 
pressure  ratio  checks  such  as  those  illustrated  in  Figure  68.  Fig¬ 
ure  68b  shows  strong  arching  action  one  structure  diameter  above  the 
Test  14  device,  and  Figure  68c  shows  strong  arching  action  extending 
horizontally  approximately  one  structure  radius  outside  of  the  device. 
The  more  flexible  devices  in  Tests  20  and  23  caused  major  arching 
action  to  progress  higher  in  the  soil.  This  can  be  seen  in  Figure 
68e. 
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A  comparison  of  the  soil  deformations  under  dynamic  loads  with 
those  in  static  tests  discloses  that  the  deformations  are  usually  not 
as  distinct  under  lew  pressure,  dynamic  loading  conditions.  This  is 
reasonable  when  the  viscous  nature  of  the  clay  is  considered.  The 
large,  long-term  movements  associated  with  the  static  tests  are  not 
possible  under  dynamic  loading  conditions.  The  dome-shaped  soil  forma¬ 
tions  found  within  the  small  depressions  in  the  dynamic  tests  were 
not  always  present  under  static  conditions.  The  x'racture  patterns 
shown  in  Figure  96  were  not  prevalent  in  the  static  tests,  Figure  89, 
but  the  more  or  less  continuous,  folded  and  distorted  soil  formations 
found  in  the  static  tests  were  not  prevalent  in  the  dynamic  tests. 

Active  arching  under  dynamic  conditions  involved  more  than  one 
type  of  soil  deformation.  Apparently  no  continuous  slip  planes  de¬ 
veloped  but  the  soil  did  deform  in  a  way  that  indicates  that  shearing 
stresses  were  involved.  The  soil  was  forced  down  by  the  surface  pres¬ 
sure.  The  device  moved  down  faster  and  farther  than  the  soil;  there¬ 
fore,  the  soil  moved  inward  in  a  set  of  steps  as  the  device  moved 
down.  These  depressions  appeared  to  be  a  manifestation  of  shear. 

The  soil's  shear  load  was  transferred  in  concentric  circles  away 
from  the  center  of  the  test  chamber  just  as  explained  for  the  static 
tests.  The  load  was  dissipated  as  it  was  transferred  outward  and 
upward  through  the  soil.  When  the  load  was  sufficient  to  fail 
the  soil,  a  distorted  zone  developed  as  the  soil  moved  downward. 
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In  the  lew  pressure  tests,  the  soil  deformed  but  did  not  distort 
or  fail.  There  was  some  rebound  but  only  minor  permanent  differen¬ 
tial  deformation. 

The  deformations  which  took  place  during  passive  arching  Tests  24 
through  28  were  insufficient  to  permit  detail  study.  A  higher  surface 
pressure  was  required  to  cause  discernible  distortions.  Figure  88 
shows  the  soil  disturbance  in  Test  26.  In  general,  the  soil  was  mas¬ 
sive  in  appearance  with  very  little  fracturing.  The  depression  found 
one  structure  radius  above  the  device  was  not  similar  to  one  found 
under  active  arching  conditions.  The  appearance  of  the  deformation 
pattern  was  somewhat  similar  to  that  seen  approximately  3  inches  under 
the  plate  in  a  plate  bearing  test,  Figure  91.  Figure  90  is  rather 
typical  of  the  deformations  observed  in  the  soil  and  radiographs  of 
the  passive  tests. 

Figure  63b  is  typical  of  the  pressure  profiles  obtained  in  the 
passive  tests,  and  shows  that  the  effects  of  passive  arching  extended 
to  a  region  approximately  one  structure  rauius  from  the  device  at  the 
level  of  the  top  of  the  device.  The  pressure  profiles  with  depth, 
similar  to  those  in  Figures  66c  and  68e,  showed  that  the  major  passive 
arching  took  place  within  the  region  approximately  3  to  6  inches  above 
the  device.  Because  there  were  no  passive  arching  tests  at  depths 
greater  than  h/b  =  1  or  surface  pressures  greater  than  64  psi,  the 
extent  of  the  soil  deformations  must  be  judged  accordingly.  At  higher 


surface  pressures  and  deeper  depths  of  burial,  the  extent  of  the  soil 
deformations  above  the  device  due  to  passive  arching  probably  would 
have  been  much  larger. 

3.2.2  Arching  Curves.  The  arching  curves  for  the  dynamic  tests 
are  shown  in  Figures  51  through  59.  Ultimate  scaled  arching  values 
are  given  in  Table  2.  The  active  arching  curves  in  Figures  51  through 
56  are  in  a  completely  different  form  than  those  constructed  for  the 
static  tests.  The  reason  for  this  is  the  manner  in  which  the  loads 
built  up  at  the  level  of  the  device  and  the  means  of  measuring  differen¬ 
tial  pressure.  Although  the  critical  portion  of  the  test  was  measured 
in  terms  of  a  few  milliseconds,  there  was  a  time  lag  in  the  buildup 
of  pressure  at  the  level  of  the  device.  Compare  columns  2  and  3  of 
Table  6.  Differential  pressure  is  measured  in  terms  of  the  surface 
pressure.  Thus,  there  were  some  large  differential  pressures  (AP) 
early  in  each  test.  This  means  that  AP  is  meaningless  until  the 
pressures  at  the  level  of  the  device  begin  to  stabilize  near  their 
peak  value.  The  pressure  wave  has  to  overcome  the  inertia  of  the  soil 
above  the  device  before  the  pressure  can  have  appreciable  effects  on 
the  structure. 

The  only  arching  curves  which  do  not  begin  at  a  high  artificial 
value  of  arching  are  those  for  Tests  18  and  23,  Figures  5^b  and  56b, 
respectively.  In  Test  23,  the  loads  on  the  structure  were  so  small 
that  the  inertia  term  in  the  equation  of  motion  was  able  to  cause 
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the  load  on  the  device  to  decrease  instead  of  increase  as  was  normally 
the  case. 

In  Test  18,  the  inertia  was  again  large  with  respect  to  the 
spring  load.  In  this  case,  both  values  were  large,  but  the  inertia 
was  very  large  because  of  high  surface  pressures  involved,  Table  6. 

The  large  load  of  245  psi  with  151  psi  contributed  by  the  inertia 
at  8  msec  exceeded  all  other  loads  experienced  by  the  structure.  In 
the  design  of  a  structure  under  similar  conditions,  should  this  large 
load  be  considered?  The  question  cannot  be  answered  without  deter¬ 
mining  the  amount  of  time  this  load  is  exerted  on  the  structure  and 
thus  the  total  energy  the  structure  must  absorb.  If  this  happened 
to  be  an  isolated,  sharp  acceleration  spike,  it  might  not  be  con¬ 
sidered.  Section  5.4  contains  a  discussion  of  the  relation  between 
structure  stiffness  and  structure  acceleration. 

In  addition  to  the  peculiar  shape  of  the  early  portions  of  the 
active  arching  curves,  reflections  from  the  base  of  the  test  chamber 
and  the  decrease  of  surface  pressure  cause  the  latter  portions  of 
these  curves  to  exhibit  some  peculiar  shapes.  The  majority  of  these 
latter  points  (Table  6)  have  been  deleted  from  the  curves,  but  enough 
were  plotted  to  assist  in  pinpointing  the  time  of  arrival  of  the  major 
reflected  waves  and  to  show  what  happens  to  the  structure  because  of 
the  reflections. 

It  is  difficult,  if  not  impossible,  to  determine  whether  maximum 


arching  has  occurred  by  just  examining  the  arching  curves.  The  majority 
of  the  active  curves  have  portions  which  are  parallel  to  the  deflection 
axis.  This  indicates  no  increase  in  the  differential  pressure  with  in¬ 
creasing  deflection.  The  arching  curves  in  Figure  51b  are  an  example. 

The  differential  pressure  at  P  =  70  psi  was  -11.0  psi.  The  results 
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of  Tests  13  and  14  at  Pg  =  151  and  245  psi,  respectively,  Table  6, 
clearly  show  that  maximum  arching  did  not  exist  in  Test  12  since  the 
differential  pressures  were  -32.0  and  -35.0  psi,  respectively.  The 
fact  that  AP  only  increased  3  psi  when  the  surface  pressure  was  in¬ 
creased  from  151  to  245  psi  along  with  the  appearance  of  the  arching 
curves  in  Figure  52  does  show  that  maximum  arching  at  h/b  =  3  was 
developed  in  Tests  13  and  14. 

One  other  caution  in  the  use  of  these  curves  is  the  possible 
inaccuracies  in  the  AD  and  terms.  The  problem  of  measuring 
soil  deflection  and  especially  determining  which  soil  deflection  is 
important  to  the  arching  phenomenon  has  already  been  discussed.  As 
explained  in  Appendix  A,  the  unconfined  soil  strength  used  to  scale 
pressures  was  determined  using  the  Hvorslev  miniature  sampler  and 
unconfined  compression  machine.  Although  a  large  number  of  tests 
were  made  and  correlated  with  laboratory  tests  (see  Appendix  A), 
there  is  still  considerable  variation  in  the  shear  strengths  for  a 
particular  water  content,  Figure  A-7. 

The  arching  curves  in  their  present  format  appear  to  be  difficult 
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to  use  in  a  design  code  at  first  glance.  But  deflection  and  load 
are  increasing  with  time  and  there  does  not  seem  to  be  visible 
interplay  between  the  soil  and  the  structure.  With  the  exception  of 
Test  18,  any  loading  and  unloading  iterations  that  may  have  existed 
are  disguised  by  the  overall  gross  loading  and  deflection  of  the 
structure  and  soil.  This  should  be  important  to  the  designer  because 
it  can  make  the  construction  of  a  soil-structure  interaction  sub¬ 
routine  much  simpler. 

Table  2  contains  a  summary  of  the  dynamic  tests.  The  values 
for  maximum  and  minimum  arching  were  extracted  from  Table  6  using 
the  arching  curves.  The  points  came  from  the  portion  of  the 
arching  curve  which  was  generally  parallel  to  the  deflection  axis. 

The  points  were  selected  in  most  cases  at  a  time  when  the  peak  soil 
pressure  had  arrived  at  the  level  of  the  top  of  the  device,  but 
before  the  reflections  affected  the  structure  response  to  a  notice¬ 
able  degree.  Both  maximum  and  minimum  arching  are  shown  in  the 
table  when  there  is  considerable  difference  between  their  values. 

The  important  point  for  the  designer  is  minimum  arching  because  this 
is  when  the  maximum  load  is  being  exerted  on  the  structure. 

In  the  use  of  these  curves,  the  reader  also  must  be  careful  to 
look  for  the  high  loads  that  can  be  caused  by  the  high  accelerations 
early  in  the  loading  process. 

The  passive  arching  curves  are  contained  in  Figures  57  through 
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59  •  The  form  of  the  ^  x  1,000  curves  is  different  from  the 
static,  passive  tests  and  also  the  active,  dynamic  tests.  The  de¬ 
crease  in  the  differential  deflection  at  maximum  arching  was  caused  by 
the  increased  deflection  of  the  base  of  the  device  as  it  was  over- 
loaded  by  the  passive  arching  process.  The  —  x  100  curves  do  not 

D 

display  this  peculiarity.  These  curves  are  somewhat  similar  to  the 
passive  curves  seen  under  static  conditions  except  for  the  lower 
initial  slope  and  the  effects  of  the  pressure  reflections  and  the 
decrease  in  the  surface  pressure. 

The  differential  pressure  attained  under  passive  arching  condi¬ 
tions  in  the  static  tests  ranged  from  approximately  +2.7  to  +2.8 
times  the  shear  strength  of  the  clay  at  a  scaled  depth  of  1  with 

Pa  =  37.5  psi.  In  the  dynamic  tests  at  H/B  =  1  ,  the  maximum 
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scaled  differential  pressure  ranged  from  +0.4  to  +0.8  times  the 
shear  strength  of  the  clay  except  for  the  +1.08  in  Test  25,  a  re¬ 
peat  test  at  53.5  psi  on  the  Test  24  soil  specimen.  The  Test  25 
AP  appears  high  when  compared  with  the  remaining  passive  arching 
tests,  especially  Test  27C  which  was  a  repeat  test  at  a  surface 
pressure  of  64  psi  on  a  device  75  times  as  stiff  as  that  used  in 
Test  25. 

The  differential  deflections  under  static  arching  conditions 
were  much  larger  than  those  experienced  by  the  structure  under 
dynamic  conditions.  Both  the  dynamic  and  static  data  indicate 
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that  passive  arching  is  sensitive  to  only  large  changes  in  the  dif¬ 
ferential  deflections  or  absolute  deflection  of  the  structure. 

For  both  active  and  passive  arching,  the  design  values  given 
in  Table  2  were  selected  as  the  maximum  load  acting  on  the  device 
within  the  range  of  deflections  which  the  arching  curves  indicated 
as  good  data.  The  active  arching  data  in  Table  6  show  that  the 
actual  load  on  the  device  generally  increased  with  increasing 
deflections  for  the  reasons  outlined  above.  Conversely,  the  static 
data  in  Table  5  show  that  the  load  on  the  device  decreased  with 
increasing  deflection.  This  makes  comparison  of  the  dynamic  data 
with  the  static  arching  curves  somewhat  difficult. 

With  the  passive  data,  the  load  increased  with  increasi.ig  de¬ 
flection  for  both  the  static  and  dynamic  data  as  discussed  above. 

^.2.3  Depth  of  Burial.  At  a  surface  pressure  of  37.5  psi,  the 
depth  of  structure  burial  was  critical  to  the  amount  of  active  arch¬ 
ing  only  when  the  device  was  buried  at  a  depth  less  than  the  struc¬ 
ture  diameter,  Figure  97.  Thus  the  device  was  "fully  buried"  at 
h/B  =  1  .  This  is  consistent  with  the  findings  in  Section  5.2.1 
which  disclosed  that  the  major  portion  of  active  and  passive  arching 
took  place  within  one  structure  diameter  above  the  device. 

Increasing  the  surface  pressure  by  a  factor  of  4  to  approxi¬ 
mately  150  psi  increased  the  differential  pressure  to  25  psi  at 
H/B  =  1  and  32  psi  at  H/B  =  3  •  The  structure  was  not  still 
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"fully  buried"  at  E/B  =  1  when  P  was  increased  because  more  load 

s 

was  arched  away  from  the  structure  at  H/B  =  3  . 

The  maximum  strength  of  the  soil  was  not  developed  at  E/B  =  1 
with  P  =  37.5  psi  ,  because  the  higher  surface  pressure  developed 
a  higher  AP  .  It  is  not  possible  to  state  whether  the  maximum 
strength  of  the  soil  was  developed  at  E/B  =  1  with  the  157-psi 
surface  pressure  because  no  higher  dynamic  pressure  test  was  per¬ 
formed  at  this  depth  of  burial.  There  were  no  comparable  static 
tests  at  H/B  =  1  .  The  lcwer  pressure  static  tests  at  this  depth  of 
burial  in  which  the  hydraulic  test  device  was  used  also  were  fully 
buried. 

At  E/B  =  3  in  Figure  97 »  it  can  be  seen  that  maximum  arching 
was  probably  developed  in  Test  13  at  Pg  =  151  psi.  In  Test  l4  at  the 
same  depth  of  burial,  a  surface  pressure  of  245  psi  was  vised  yet  the 
differential  pressure  only  increased  by  3  psi,  which  is  within  the 
accuracy  of  the  measurement  techniques.  Thus,  under  dynamic  loading 
conditions  at  E/B  =  3  1  the  soil  was  able  to  unload  the  structure  by 
approximately  2.5  times  its  unconfined  shear  strength. 

Measured  with  reference  to  static  Test  8,  at  I0i  *  3  and 

P  =  240  psi  ,  the  high  pressure  dynamic  tests  did  not  appear  to 

S 

develop  the  full  strength  of  the  soil.  The  large  amount  of  time  and 
deflection  allowed  in  the  static  tests  prevent  realistic  comparison 
and  should  not  be  used  as  a  basis  of  maximum  arching.  During  the 
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15-hour  creep  period  of  Test  8,  the  AP  decreased  to  -35  psi,  ex¬ 
actly  the  sane  as  the  ultimate  AP  developed  in  the  dynamic  test 
at  Pg  =  245  psi  . 

By  comparing  the  amount  of  arching  at  each  depth  of  burial  it 
% 

can  be  seen  that  the  device  was  not  fully  buried  at  103  =  1  and 

P  «  150  psi  or  at  H/B  =  3  and  P  «  245  psi.  Since  the  shear 

s  s 

strength  of  the  soil  is  apparently  determining  the  amount  of  arching 
experienced  in  the  tests  with  P  >  150  psi  ,  the  active  arching  will 
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increase  with  an  increase  in  the  depth  of  burial  until  the  amount  of 
surface  pressure  available  at  the  level  of  the  device  is  insufficient 
to  develop  deflections  which  will  develop  the  shear  strength  of  the 
soil.  At  this  point,  the  relative  stiffness  of  the  device  determines 
the  amount  of  arching.  At  the  depths  of  burial  used  in  this  test 
program,  it  was  not  possible  to  develop  a  fully  buried  condition  for 
Ps  values  between  150  and  300  psi. 

One  peculiarity  in  Figure  97  is  the  fact  that  Hendron's  (1968) 
trapdoor  data  did  not  show  a  higher  differential  pressure  than  the 
data  from  this  study.  This  apparent  discrepancy  or  conflict  with 
the  arching  curves  in  Figures  92  and  94  is  due  to  the  larger  deflec¬ 
tions  developed  at  ultimate  arching  in  the  present  study.  Figure  98 
in  which  all  points  in  a  particular  set  of  curves  are  plotted  at  the 
same  differential  deflection  shows  the  data  in  its  proper  perspective. 
It  is  difficult  to  compare  arching  at  various  depths  over  the 


wide  range  of  relative  deflections  vhich  induced  ultimate  arching  for 
a  particular  test.  For  example,  in  comparing  the  AD/B  x  1,000  values 
in  Table  2  for  Tests  15,  16,  and  11  at  scaled  structure  burial  depths, 
H/B  ,  of  l/3,  1,  and  3,  respectively,  it  can  be  seen  that  the  scaled 
deflection  at  ultimate  arching,  AD/B  x  1,000,  increased  from  -0.33  to 
-8.50  to  -11.67,  respectively. 

The  amount  of  scaled  deflection  required  to  develop  a  constant 
scaled  differential  pressure  increases  with  an  increase  in  the  depth 
of  structure  burial  if  surface  pressure  and  the  stiffness  of  the  struc¬ 
ture  relative  to  the  soil  are  held  constant.  There  appears  to  be  some 
relation  between  the  AD/b  X  1,000  required  to  develop  a  particular  AP 
at  a  particular  h/b  ,  but  no  consistent  relation  could  be  developed. 

For  example  if  2AP/qu  =  -0.83  is  selected  in  Tests  15,  16,  and  11,  the 
respective  values  of  AD/B  X  1,000  are  -1.33>  -*+.83,  and  -7.98*  There 
is  a  difference  of  3*50  between  the  b/b  =  l/3  and  h/b  =  1  values, 
and  a  difference  of  3*15  between  the  fy/B  =  1  and  the  h/b  =  3  values. 

In  order  to  study  the  effects  of  structure  burial  depth  in  more 
detail,  Figure  98a  was  prepared  in  terms  of  the  load  acting  on  the 
structure  divided  by  the  surface  pressure.  This  relation  is  generally 
called  the  arching  factor.  The  dynamic  data  were  plotted  at  the  deflec¬ 
tion  at  which  ultimate  arching  developed,  but  the  static  data  points 
were  plotted  by  selecting  the  arching  factor  at  the  same  scaled  differen¬ 
tial  deflection  as  the  comparable  dynamic  test.  The  dynamic  data  at 
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B  =  37.5  psi  again  show  that  the  structure  was  fully  buried  at 
H/B  =  1  because  there  was  no  decrease  in  the  load  on  the  structure 
when  H/lB  was  increased  to  3.  The  full  surface  pressure  was  not 
arched  away  under  dynamic  conditions  as  was  the  case  when  the  hydrau¬ 
lically  controlled  device  was  used  under  static  conditions.  The  load 
experienced  by  the  spring-ring  device  at  P^  =  37.5  psi  ,  whether 
statically  or  dynamically  applied,  is  determined  by  the  stiffness  of 
the  structure  relative  to  that  of  the  surrounding  soil.  This  effect 
will  be  discussed  in  more  detail  in  Section  5.2.5. 

At  Pg  =  150-157  psi,  it  can  be  seen  in  Figure  98a  that  the  struc 
ture  was  not  fully  buried  at  H/B  =  1  .  The  various  data  pox  its  at 
H/B  =  3  also  are  discussed  in  Section  5.2.5. 

To  get  a  better  feel  for  the  data  under  realistic  scaled  deflec¬ 
tions,  Figures  98b  and  c  were  prepared.  A  scaled  differential  de¬ 
flection  of  AD/B  =  2/1,000  in  a  20-foot-wide  structure  would  be 
less  than  0.5  inch  and  a  scaled  differential  deflection  of 
AD/B  =  5/l>000  would  be  approximately  1.2  inches.  Scaled  differen¬ 
tial  deflections  of  10  to  15  might  be  reasonable  for  a  large  flexible 
structure. 

In  Figure  98b,  the  trend  for  the  dynamic  active  arching  data  to 
plot  inside  the  static  data  is  reversed  at  this  small  differential 
deflection,  except  at  H/B  =  l/3  .  The  reason  for  this  change  seemed 
to  be  rate  of  pressure  rise  at  the  level  of  the  device,  inertia 
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effects,  and  the  increase  in  the  soil  strength  under  rapid  loading. 
The  effects  of  burial  depth  on  both  the  dynamic  and  static  data  can 
be  seen.  It  is  interesting  to  note  that  the  37.5-psi  static  and  dy¬ 
namic  data  from  this  program  appeared  to  be  fully  buried  at 
AD/B  =  2/1,000  and  H/B  >  1  .  Hendron's  (1968)  37.5-psi  data  dis¬ 
played  a  fully  buried  condition  at  h/b  >  2  .  Maximum  active  arch¬ 
ing  had  not  been  produced  at  AD/B  x  1,000  =  2  by  any  of  the  tests, 
but  the  amount  of  arching  was  approximately  20  psi  at  h/b  =  1  and  3 

with  P  =  37.5  psi  under  dynamic  conditions.  In  Hendron's  (1968) 
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static  tests,  the  AP  was  approximately  26  psi  at  h/b  =  2  and  3 
and  17  psi  at  h/b  =  1  . 

In  Figure  98c,  the  high  pressure  tests  have  been  added  and  AP 
has  been  scaled  by  the  shear  strength  of  the  clay  as  determined  by 
unconfined  compression  tests.  At  P  =  37*5  psi  ,  neither  the  static 

O 

nor  dynamic  tests  exhibit  the  fully  buried  condition  which  seemed  to 
be  present  at  the  lower  scaled  deflection.  The  reason  for  this  ap¬ 
parent  anomaly  was  the  fact  that  the  differential  pressures  had  not 
been  scaled  by  the  shear  strength  of  the  soil.  Tables  5  and  6  show 
that  a  fully  buried  condition  did  not  exist  for  the  static  or  dynamic 
tests  in  Figure  98b.  When  possible,  the  differential  pressure  has 
been  scaled  by  the  soil  strength. 

The  higher  pressure  dynamic  data  at  P  =  150-157  psi  in  Fig- 
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ure  98c  show  an  increase  of  1.4  and  2.7  in  the  amount  of  scaled 
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differential  pressure  at  h/b  =  1  and  3  >  respectively,  over  that 
developed  by  the  37-5-Psi  tests.  Test  14  at  Pg  =  245  psi  could 
not  be  plotted  because  of  the  very  large  deflections  experienced  by 
the  structure  as  soon  as  it  was  hit  by  the  pressure  wave. 

Some  of  the  effects  of  depth  of  burial  on  active  arching  can  be 
seen  by  examining  the  pressure  profiles  for  Tests  11,  15,  and  l6  in 
Figures  60a,  6la,  and  6lb.  As  the  scaled  depth  of  burial  increased 
from  l/3  to  1  to  3j  the  area  affected  by  the  unloading  appeared  to 
enlarge  from  inside  the  6-inch  radius,  to  the  10- inch  radius,  to 
outside  the  10-inch  radius,  respectively.  As  previously  discussed 
in  Section  5-2.1,  the  soil  profiles  also  showed  that  the  height  of 
deformation  propagation  was  sensitive  to  burial  depth.  This  was 
clearly  indicated  by  plots  similar  to  those  shown  in  Figures  68a, 
b,  and  d. 

When  ultimate  arching  was  considered,  depth  of  burial  was  im¬ 
portant  to  the  amount  of  active  arching  at  P  =  37.5  psi  up  to  the 
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point  at  which  the  structure  appeared  to  be  fully  buried  at  h/b  =  1  . 
At  higher  pressures,  P„  >  150  psi  ,  a  fully  buried  condition  was  not 
attained  at  h/b  =  3  .  Maximum  arching  at  h/b  =  1  and  3  was  at¬ 
tained  by  surface  pressures  of  150  psi  or  higher.  The  dynamic  test 
at  h/b  =  7  may  have  produced  maximum  active  arching  but  there  was 
no  way  to  substantiate  this  conclusion.  The  amount  of  active  arching 
at  higher  pressures  where  the  shear  strength  of  the  material  was 
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important  also  was  related  to  the  depth  of  burial.  In  the  low  pres¬ 
sure  tests,  Pg  <  70  psi  ,  the  amount  of  active  arching  appears  to  be 
more  dependent  on  the  relative  stiffness  of  the  device  since  the 
amount  of  soil  shear  strength  mobilized  at  h/b  =  1  or  greater 
appears  to  be  minimal. 

3.2.4  Pressure  Effects.  Most  of  the  pressure  tests  were  made 
at  a  scaled  deflection  of  h/b  =  3  •  Tests  l6  and  19  at  h/b  =  1 
were  also  used  to  examine  pressure  effects. 

Figure  97  shows  the  variation  of  the  differential  pressure  at 
H/b  =  3  •  Figure  98c  shows  the  same  data  scaled  by  the  unconfined 
strength  of  the  clay.  As  explained  in  the  previous  section,  these 
figures  indicate  that  there  was  insufficient  pressure  to  mobilize 
the  strength  of  the  soil  at  P_  <  70  psi  .  The  load  experienced  by 

O 

the  structure  is  merely  a  function  of  its  relative  stiffness.  Static 
Test  6,  which  also  utilized  the  spring-ring  device  at  Pg  =  37*5  psi  , 
appears  to  substantiate  this  conclusion.  Figures  97  and  98a* 

In  Figure  97  it  can  be  seen  that  part  of  the  soil  above  the 
structure  yielded  at  P  >  150  psi  ,  Tests  13  and  14.  This  was 
confirmed  by  the  soil  profiles  discussed  in  Section  5*2.1. 

In  Section  5.2.3,  fully  buried  and  maximum  arching  conditions 
for  the  high  pressure  tests  were  discussed.  It  could  not  be  defi¬ 
nitely  determined  whether  the  surface  pressures  and  device  deflec¬ 
tions  were  sufficient  to  develop  the  maximum  arching  available  at 
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h/b  =  3  ,  but  the  fact  that  there  was  such  a  small  increase  in  the 
£P  between  Tests  13  and  l4,  3  psi,  for  such  a  large  increase  in  P 
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94  psi,  indicates  that  the  maximum  strength  of  the  soil  had  been  de¬ 
veloped,  Figure  97.  In  Tests  13  and  14  at  AD/b  X  1,000  =  -19.2  and 
-23.2  or  d^/B  X  1,000  =  -40.5  and  -51.5  ,  the  scaled  differential 
pressures  2AP/q^  were  equal  to  -2.53  and  -2.29,  respectively.  Thus, 
the  soil  strength  developed  at  H/B  -  3  was  approximately  2.3  to  2.5 
times  the  shear  strength  of  the  soil. 

There  is  some  question  whether  more  deformation  or  a  higher 
surface  pressure  would  have  developed  more  arching  at  this  depth  of 
burial.  Within  the  ared  where  the  soil  experienced  large  yields, 
the  shear  strength  of  the  soil  had  been  mobilized.  The  differential 
strains  at  the  level  of  the  device,  Table  2,  more  than  exceeded  the 
strains  necessary  to  mobilize  the  maximum  shear  strength  of  the  soil 
under  triaxial  conditions.  Figures  A- 13  and  A-24. 

Figure  A-23  shows  that  the  strains  experienced  within  the  SBLG 
for  all  tests  except  Test  14  at  P_  =  245  psi  were  comparable  to 
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the  triaxial  strains  at  failure  in  Figures  A-13  and  A-24.  The  shape 

of  the  stress-strain  curves  of  the  SBLG  tests  at  P_  >  240  psi  were 

b  “ 

more  comparable  to  those  produced  by  the  data  from  the  one-dimensional 
compression  tests  made  with  the  impact  loader,  Figures  A-21  and  A-22. 
The  maximum  strain  at  Pg  »  240  psi  coincided  with  that  found  using 
Schindler’s  compression  device  at  a  comparable  pressure,  Figure  A-23b. 
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The  active  arching  produced  above  a  critical  threshold  pressure 
under  the  test  conditions  reported  appeared  to  develop  the  triaxial 
shear  strength  of  the  soil  in  a  zone  around  the  structure.  The  soil 
profiles  and  observations  discussed  in  Section  5*2.1  appear  to  confirm 
this  conclusion.  The  amount  of  active  arching  depends  on  the  extent 
of  this  zone,  the  height  and  width  above  the  device  to  which  the 
strains  propagate,  and  the  magnitude  of  these  strains.  The  process 
of  shear  development  discussed  by  Newmark  and  Haltiwanger  in  the  Air 
Force  Design  Manual  appears  to  coincide  qualitatively  with  the  results 
found  in  this  study  and  discussed  in  the  preceding  paragraphs. 

Associated  with  the  stress-strain  curves  was  the  soil  modulus 
used  as  a  measure  of  the  flexibility  of  the  soil.  The  soil  modulus 
increased  with  an  increase  in  surface  pressure,  Tables  A-l  and  A-2. 
This  means  that  the  soil  modulus  and  consequently  the  relative 
stiffness  of  the  structure  were  changing  throughout  most  of  the  dy¬ 
namic  tests.  In  some  cases  a  plateau  was  reached  where  the  change 
was  not  rapid,  Appendix  A.  This  change  in  soil  modulus  partially 
accounts  for  the  high  loads  early  in  some  of  the  dynamic  tests  as 
disclosed  by  the  arching  curves,  Sections  4.3.2  and  5*2.2. 

The  pressure  profiles  showing  variation  of  soil  stress  with 
depth  and  time  similar  to  those  shown  in  Figures  64,  65,  and  68  indi¬ 
cate  that  the  depth  of  soil  involved  in  arching  increased  from  ap¬ 
proximately  6  inches  to  12  inches  as  the  surface  pressure  was 
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increased  from  37*5  to  2b0  psi.  Except  for  Test  18  at  h/b  =  7  and 

Pa  =  310  psi  ,  the  major  portion  of  the  active  arching  appeared  to 
b 

occur  within  6  inches  of  the  top  of  the  device.  In  Test  18,  active 
arching  effects  were  observed  3  structure  diameters  above  the  test 
device.  The  large  volume  of  soil  involved  in  Test  18  was  a  manifes¬ 
tation  of  its  high  pressure  and  the  depth  of  burial  of  the  device. 

Because  of  the  small  number  of  tests,  it  was  not  possible  to 
determine  a  transition  zone  between  the  high  pressure  and  low  pres¬ 
sure  tests.  This  transition  zone  should  be  sensitive  to  the  shear 
strength  of  the  soil  at  a  constant  depth  of  burial.  Examination  of 
the  high  pressure  data  in  Table  6  indicates  that  the  transition  may¬ 
be  rather  abrupt.  When  sufficient  deflection  is  developed  in  the 
soil  to  mobilize  its  shear  strength,  there  is  a  rapid  increase  in 
differential  pressure. 

If  a  small,  constant  differential  deflection  is  selected  and  the 
change  in  the  differential  pressure  with  change  of  surface  pressure 
is  examined,  it  can  be  seen  that  AP  increases  with  Pe  in  the 

O 

active  arching  data  in  Figure  98c.  It  is  difficult  to  determine  any 
transition  zone  between  the  type  of  arching  experienced  in  the  low 
pressure  tests  and  the  arching  action  which  appeared  to  take  place 
in  the  higher  pressure  tests.  This  problem  is  complicated  by  vast 
disparity  between  the  available  Ad/b  X  1,000  values  created  by 
the  large  surface  pressure  differences.  If  ^)/b  X  1,000  =  10  at 
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=  3  and  K^/Kg  »  0.7  is  selected 

to  -0.93  to  -3.51  at  Pg  =  37. 5,  70,  and  150  psi  ,  respectively.  It 

was  not  possible  to  use  Test  14,  with  P  =  245  psi  ,  at  this 

b 

because  the  soil  pressure  at  the  level  of  the  top  of  the  device  was 
so  low  at  this  scaled  deflection.  When  AD/B  X  1,000  was  increased  to 
20,  it  was  not  possible  to  select  a  value  for  Test  11  because  of  the 
small  deflections  developed  by  a  surface  pressure  of  37.5  psi,  but 
2AP/qu  was  equal  to  -O.75,  -2.53,  and  -8.1  to  -10. 7  at  Pg  =  70,  150, 
and  245  psi  ,  respectively.  Note  the  very  large  changes  in  scaled  AP 

as  Pa  was  increased. 

b 

Thus,  at  a  constant  depth  of  burial,  relative  stiffness,  and 
differential  deflection,  the  amount  of  arching  increases  with  sur¬ 
face  pressure  until  a  fully  buried  condition  is  attained  or  the  maxi¬ 
mum  strength  of  the  soil  is  mobilized.  These  two  conditions  are  dif¬ 
ficult  to  predict.  In  the  case  of  the  fully  buried  condition,  the 
amount  of  arching  which  constitutes  this  condition  changes  with  sur¬ 
face  pressure  until  a  state  is  reached  in  which  all  surface  pressure 
is  dissipated  at  the  particular  depth  in  question. 

It  was  previously  shown  that  the  area  involved  in  active  arching 
seemed  to  enlarge  up  to  a  limiting  point  of  2B  with  an  increase  in 
pressure  at  h/b  =  3  •  The  maximum  size  of  the  area  appears  to 
depend  upon  the  depth  of  burial  and  size  of  the  structure.  Thus, 
the  amount  of  arching  is  not  appreciably  increased  with  an  increase 


,  2AP/qu  increases  from  -0.74 
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in  pressure  once  the  maximum  strength  of  the  soil  is  developed  at  a 
particular  depth  of  burial. 

Once  the  limiting  strength  of  the  soil  at  a  particular  depth 
is  reached,  practically  all  of  an  increase  in  the  surface  pressure 
is  applied  directly  to  the  structure  if  the  deformed  area  does  not 
or  cannot  enlarge.  Some  small  change  in  the  AP  should  result 
from  the  increases  in  soil  strength  with  the  increase  in  confining 
pressure,  but  this  effect  was  minor  in  the  pressure  range  used  in 
this  program,  Figure  A-l4. 

Repetitive  testing  of  the  soil  sample  was  tried  in  three 
tests,  11,  24,  and  27,  Table  1.  In  all  cases  the  repeated 
tests  were  at  higher  surface  pressures.  The  compressive  strength 
of  the  clay,  as  determined  by  the  Hvorslev  unconfined  tests  dis¬ 
cussed  in  Appendix  A,  was  somewhrt  higher  after  each  test.  Table  4 
and  F'gv.re  A-7 •  The  effect  on  the  differential  pressure  is  dif¬ 
ficult  to  ascertain  just  by  examining  Table  2.  Figure  99b  shows 
the  points  from  the  repeated  tests  with  an  X  over  the  symbol. 
Logically,  the  relative  stiffness  and  the  differential  pressure 
in  the  repeated  test  were  different  from  that  found  in  the  original 
tests.  In  all  repeated  tests  but  Test  27B,  AP  was  larger,  and 
in  all  but  Test  27C,  the  relative  stiffness  of  the  structure  was 
smaller.  Repeated  tests  at  the  same  or  higher  pressure  appear 
to  be  feasible  to  examine  gross  arching  effects.  It  would 
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be  difficult  to  examine  the  effects  of  relative  stiffness  with 
repeated  tests,  but  examination  of  the  effects  of  large  changes  in  the 
surface  pressure  should  be  feasible,  if  the  gains  on  the  instrumenta¬ 
tion  can  be  properly  adjusted. 

Based  on  the  very  limited  amount  of  data  developed  in  this  test 
program,  P  <  65  psi  and  H/B  =  1  ,  passive  arching  does  not  appear 

O 

to  be  pressure  sensitive  under  dynamic  conditions.  Figure  98c. 
Hendron's  (1968)  static  test  results  in  Figure  98b  also  show  that  at 
P  less  than  75  psi  the  passive  arching  at  H/B  =  1  or  more  is 
not  pressure  sensitive. 

5.2.5  Stiffness.  One  of  the  principal  parameters  studied  in 
this  test  program  was  the  effects  of  the  relative  stiffness  of  the 
structure  on  the  amount  of  soil  arching  induced.  The  structure 
stiffness  was  obtained  and  measured  as  explained  in  Chapter  3  and 
Appendix  B.  The  structure  was  an  elastic  system  throughout  its  de¬ 
flection  with  only  minor  exceptions.  The  modulus  data  for  all  struc¬ 
tures  are  shown  in  Table  3-  The  modulus  data  for  the  particular  test 
device  in  a  particular  test  are  repeated  in  Tables  1  and  2. 

The  modulus  of  the  soil  used  to  design  the  experiments  was  es¬ 
tablished  in  the  preliminary  test  program  by  use  of  confined  com¬ 
pression  and  SBLG  tests,  Appendix  A.  During  the  test  program,  the 
modulus  of  the  soil  was  determined  from  soil  deflection  and  peak 
pressure  wave  velocity  data  generated  during  the  actual  tests, 
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Appendix  A.  Soil  modulus  data  for  each  test  are  listed  in  Tables  1 
and  2;  the  data  from  the  preliminary  design  program  are  shown  in 
Tables  A-l  and  A-2. 


Three  static  tests  (6,  7,  and  8)  were  made  with  the  spring-ring 
device,  Table  1.  Tests  6  and  7  were  made  with  the  device  buried  at 
H/B  =  1  ,  and  Test  8  with  the  device  buried  at  H/B  =  3  ■ 

In  Test  6,  P  was  equal  to  37*5  and  the  stiffness  of  the  device 
b 

relative  to  the  soil  was  0.6.  It  can  be  seen  in  Figures  92  and  98a, 
that  the  load  developed  on  the  device  was  approximately  0.62  times 
the  surface  pressure  when  full  active  arching  was  initially  developed. 
After  approximately  62  hours  of  creep,  the  load  increased  to  O.69 
times  the  surface  pressure.  Thus  at  P  =  37.5  it  appears  that  the 
amount  of  initial  active  arching  is  dependent  on  the  relative  flexi¬ 
bility  of  the  device.  With  time  and  continued  soil  deformation,  the 
stress  gradient  decreased  and  the  load  increased  on  the  structure. 

The  device  used  in  Test  7  had  approximately  the  same  stiffness 
as  the  soil,  K^/K^  =  1.25  •  But,  as  shown  in  Figure  92,  the  resultant 
load  indicated  that  the  structure  did  not  attain  the  load  expected. 
Because  of  the  high  loading  and  resulting  high  deflections  of  the 
soil  underneath  the  device  when  it  was  in  a  passive  arching  mode, 
it  was  not  possible  to  attain  an  overall  passive  arching  condition 
with  reference  to  the  surface  pressure  with  this  device.  This 
phenomenon  is  explained  in  more  detail  in  a  later  paragraph  of  this 
section. 
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Test  8  was  conducted  using  a  test  device  which  was  designed  to  be 
0.7  times  as  stiff  as  the  soil  but  was  calculated  to  be  0.42  times  as 
stiff  in  the  posttest  analysis.  It  can  be  seen  in  Figure  92,  that  as 
P  was  increased  from  40  to  75  to  100  psi,  the  relative  load  on  the 

O 

device  decreased.  This  was  because  the  soil  was  not  as  stiff  at  the 
lower  static  pressures.  As  the  surface  pressure  increased,  the  soil 
became  stiffer  and  the  relative  stiffness  of  the  structure  decreased. 
When  the  surface  pressure  increased  from  100  psi  to  175  and  240  psi, 
it  can  be  seen  in  Figure  9^  and  Table  5  that  there  was  a  large  in¬ 
crease  in  the  differential  pressure  from  -19  to  -54  to  -58  psi,  but 
a  larger  increase  in  the  pressure  acting  on  the  device,  from  8l  to 
129  to  182  psi.  Thus,  the  structure  stiffness  did  not  determine  the 
final  load  experienced  by  the  structure,  but  stiffness  did  play  a 
role,  especially  at  the  lower  pressures.  Based  on  the  deformations 
and  differential  pressures  observed,  it  appears  that  soil  strength 
and  depth  of  burial  were  the  most  important  factors  in  determining 
the  amount  of  arching  experienced  in  this  high  pressure  test,  but  the 
relative  stiffness  of  the  structure  also  played  a  role.  The  strength 
mobilized  was  5*2  x  q^/2  psi  . 

Considerably  more  data  concerning  structure  stiffness  were  col¬ 
lected  during  the  dynamic  test  program.  The  spring-ring  device  was 
used  in  all  dynamic  tests.  The  tests  particularly  designed  to  study 
the  effects  of  structure  stiffness  on  arching  were  made  with  the 
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device  buried  at  a  scaled  depth  of  H/B  =  1  and  with  a  surface  pres¬ 
sure  of  approximately  37  psi. 

In  Figure  92,  several  of  the  dynamic  tests  have  been  plotted 
with  the  static  arching  data.  The  points  shown  are  generally  the 
arching  factor  and  relative  deflection  at  ultimate  arching.  This  was 
determined  to  be  the  arching  which  existed  when  the  load  on  the  de¬ 
vice  was  a  maximum  after  peak  soil  pressure  had  arrived  at  the  level 
of  the  top  of  the  device  but  before  the  reflections  appeared  to  be 
appreciable.  Because  of  the  very  large  deflections  experienced  in 
Test  23,  a  comparable  deflection  was  chosen.  Examination  of  the  data 
in  Figure  92  and  Table  2  shows  that  the  load  experienced  by  the 
structure  in  Tests  16,  20,  and  23  at  H/B  =  1  and  «  37  psi  was 
determined  by  their  stiffness  relative  to  that  of  the  soil.  This 
also  was  the  case  for  Test  11  at  H/B  =  3  and  P  =  37.0  psi  .  Note 
that  the  arching  factors  have  no  relation  to  those  of  the  device- 
induced  arching  curves  at  the  same  deflections.  Points  fall  on  both 
sides  of  the  comparable  curves.  The  points  of  maximum  arching  in 
Tests  l6  and  20  also  are  shown. 

In  order  to  present  the  flexibility  data  in  a  usable  form,  Fig¬ 
ure  99  was  prepared.  This  figure  shows  the  variation  of  the  load  on 
the  structure  with  changes  in  the  relative  stiffness  of  the  structure. 
The  basis  of  this  figure  is  the  data  generated  in  Tests  16  and  20 
through  28  at  a  constant  value  of  H/B  =  1  and  P-  «  37.0  psi  .  The 
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curves  were  drawn  using  the  data  from  these  tests.  Points  from  other 
tests  were  added  to  show  their  position  relative  to  the  basic  data. 

It  was  at  the  relatively  low  pressures,  in  this  case  less  than 
40  psi,  that  structure  flexibility  was  the  dominant  factor  in  deter¬ 
mining  the  loads  on  the  structure  (Section  5*2.4).  As  shown  in  Fig¬ 
ure  99 >  it  was  possible  to  relieve  almost  all  of  the  overpressure  by 
the  use  of  a  very  flexible  structure  because  the  surface  pressure  was 
not  sufficient  to  overcome  the  strength  of  the  soil  at  a  scaled  depth 
of  H/B  =  1  . 

When  the  scaled  depth  was  decreased  to  l/3,  dynamic  amplifica¬ 
tion  of  the  load  was  experienced.  But  in  Figures  99a  and  b,  it  can 
be  seen  that  increasing  or  decreasing  the  depth  of  cover  by  a  factor 
of  3  was  not  an  overriding  consideration  at  Pg  «  37  psi.  The  data 
for  Tests  15  and  11  fall  within  the  scatter  band  of  the  basic  data 
in  Figure  99b  and  plot  very  close  to  the  basic  data  curve  in 
Figure  99a* 

When  the  dynamic  surface  pressure  increased  to  70  and  157  psi, 
the  data  for  Tests  12  and  19  at  H/B  =  3  and  1  ,  respectively,  fall 
within  the  scatter  band  of  the  basic  data  in  Figure  99b,  but  the  data 
for  Tests  13,  14,  and  18,  at  H/B  =  3  and  7  and  Pg  =  151,  245,  and 
310  psi,  plot  completely  out  of  the  range  of  the  other  data.  There 
is  no  reason  why  these  data  should  plot  within  the  scatter  band  of 
the  low  pressure  data  since  the  amount  of  arching  appears  to  be 
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governed,  largely  by  soil  strength  and  their  depth  of  burial  was 
3  times  that  of  the  basic  data. 

In  Figure  99a  >  the  high  pressure  data  have  been  corrected  for 
dynamic  amplification  using  the  average  of  the  amplification  factors 
(AF)  shown  in  Table  7«  This  is  explained  in  Section  5*3*  The  cor¬ 
rected  data  were  not  used  in  Figure  99b* 

With  the  exception  of  Test  8,  the  static  data  also  plot  on  or 
very  close  to  the  basic  curve  in  Figure  99a.  This  tends  to  confirm 
the  conclusion  that  dynamic  effects  were  not  important  in  the  low 
pressure  tests  at  a  scaled  depth  of  burial  of  1  or  larger.  In  addi¬ 
tion,  it  shows  that  at  high  pressures  where  large  soil  deformations 
are  involved,  pressure  effects  are  large  and  begin  to  override  the 
flexibility  effects. 

The  data  point  shown  for  Test  23  appears  to  plot  out  of  the  band 
of  data.  The  very  low  stiffness  used  for  this  test  device  is  not 
within  a  practical  range  for  real  structures.  The  entire  surface 
pressure  of  33.3  psi  was  dissipated  by  the  active  arching;  therefore, 
the  value  of  the  surface  pressure  determined  the  ordinate  of  the  data 
point  shown.  Whether  a  higher  surface  pressure  would  have  developed 
higher  differential  pressures  cannot  be  determined  without  additional 
tests. 

For  the  structures  stiff er  than  the  soil,  structure  stiffness 
was  not  an  important  parameter  once  relative  stiffness  exceeded  a 
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value  between  4  and.  5»  Figure  99-  Above  these  values  the  loads  on 
the  structure  became  more  dependent  upon  the  combined  stiffness  of 
the  structure  and  the  soil  underneath  it.  With  the  very  stiff  struc¬ 
tures,  it  was  the  soil  stiffness  which  dominated  the  overall  stiff¬ 
ness  of  the  soil-structure  system  at  <  60  psi  and  H/B  =  1  . 

The  device  appeared  to  punch  into  the  supporting  soil.  Therefore, 
variations  in  the  stiffness  of  the  stiff  structure  over  a  wide  range 
from  Krp/Kg  =  4.l4  to  K^/K^  =  461.0  were  insignificant  to  the  dif¬ 
ferential  pressures  developed.  Soil  strength  also  must  have  an  ef¬ 
fect  on  the  magnitude  of  the  passive  arching,  but  its  role  could  not 
be  determined  because  of  the  small  number  of  tests  and  their  limited, 
low  pressure  range.  The  data  plotted  in  Figure  991  also  show  that 
relative  structure  stiffnesses  above  approximately  4  had  only  minor, 
if  any,  effect  on  the  amount  of  passive  arching. 

The  findings  from  this  test  program  relative  to  passive  arching 
are  very  similar  to  those  found  by  investigators  working  on  the 
development  of  pressure  cells.  Taylor,  Monfore,  Whiff  in  and  Morris, 
and  others  have  shown  that  a  stiff  gage  is  a  very  accurate  gage  be¬ 
cause  it  will  overregister  by  a  known  amount  over  a  wide  range  of 
flexibilities  in  the  surrounding  medium.  The  gage  reported  on  by 
Whiffin  and  Morris  overregistered  from  1.1  to  1.2,  depending  on  the 
size  of  the  sensitive  area  on  the  gage  face.  This  error  became 
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almost  constant  at  a  relative  stiffness  of  10  or  more.  Similar  re¬ 
sults  can  be  derived  from  the  reports  by  Taylor  and  Monfore. 

Investigation  of  the  vertical  soil  stress  profiles  in  Figures  62 
and  63  shows  that  the  area  involved  in  the  unloading  at  the  level  of 
the  top  of  the  device  under  active  arching  conditions  tended  to  move 
away  from  the  device  with  a  decrease  in  the  stiffness  of  the  struc¬ 
ture.  The  extreme  case,  Test  23,  is  shown  in  Figure  63a.  The  pro¬ 
files  indicate  that  as  the  structure  less  stiff  than  the  soil  began 
to  unload,  it  loaded  the  soil  in  its  immediate  vicinity  initially. 
This  soil  began  to  deflect  at  a  more  rapid  rate  than  the  soil  farther 
out,  as  shown  in  Figure  73b,  because  of  the  increased  load  it  was 
trying  to  support.  Posttest  investigation  showed  that  this  soil  also 
seemed  to  have  squeezed  toward  the  area  vacated  by  the  structure.  As 
the  near  soil  deflected,  it  loaded  the  soil  outside  of  it  by  the 
shearing  actions  developed  in  the  differential  deformations.  The 
load-deformation  action  progressed  upward  and  outward  from  the  struc¬ 
ture  until  the  load  gradients  created  had  dissipated  to  a  value  which 
the  soil  could  support.  A  structure  with  a  very  low  relative  stiff¬ 
ness  can  deflect  a  large  amount  and  thus  most  of  its  load  will  be 
arched  off.  There  appears  to  be  a  relation  between  the  zone  of  in¬ 
fluence  of  the  arching  and  the  amount  of  differential  deflection  in 
Figures  62  and  63.  The  scaled  radius  of  influence,  r/B  ,  should  be 
directly  proportional  to  AD/B  but  insufficient  soil  deflection  and 
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pressure  data  points  were  available  at  the  level  of  the  top  of  the 
device  to  make  such  a  determination. 

Although  it  was  difficult  to  clearly  determine  its  extent,  the 
progressive  failure  or  deformation  mechanism  described  above  ap¬ 
parently  takes  place  in  the  soil  above  a  device  less  stiff  than  the 
soil.  Thus,  the  more  flexible  the  structure,  the  larger  its  absolute 
deflection,  and  therefore  the  differential  deflections.  Larger  de¬ 
flections  mean  larger  strains  immediately  above  the  device  and  thus, 
the  development  of  strain  at  a  greater  height  above  the  structure  up 
to  some  limiting  height  which  appears  to  be  limited  by  the  size  of 
the  structure  and  the  depth  of  burial.  The  higher  the  soil  deforms 
and  thus  loads  adjacent  soil,  the  wider  the  load  distribution  at  the 
level  of  the  top  of  the  structure  becomes.  Figures  63a,  66b,  and  68e 
seem  to  confirm  the  deformations  described  above. 

For  passive  arching,  the  soil  at  the  level  of  the  top  of  the 
device  appeared  to  be  disturbed  to  a  radius  between  6  and  8  inches 
from  the  centerline  of  the  device  or  between  one  structure  radius 
and  one  structure  diameter  outside  the  device,  Figure  63b.  The  soil 
above  the  device  was  disturbed  approximately  3  to  4  inches  or  one 
structure  radius  above  the  device.  These  conclusions  must  be  judged 
in  light  of  the  very  limited  number  and  variety  of  passive  arching 
tests. 
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5.3  STATIC  VERSUS  DYNAMIC  ARCHING 


The  relation  between  static  and  dynamic  test  data  could  be  im¬ 
portant  if  such  a  relation  exists.  This  would  permit  the  testing  of 
structures  under  less  expensive  conditions  and  might  allow  the  use 
of  equivalent  static  loads  in  the  design  of  protective  structures. 

As  discussed  in  Appendix  A,  the  compressive  strength  and  thus 
the  shear  strength  of  buckshot  clay  are  sensitive  to  the  rate  at 
which  the  material  is  loaded,  Figures  A-l4  and  A-24.  In  fact,  this 
0=0  material  at  the  water  contents  tested  is  much  more  sensitive 
to  strain  rate  than  it  is  to  confining  pressures.  In  addition,  the 
rate  of  rise  to  peak  pressure  was  found  to  be  sensitive  to  water  con¬ 
tent  and  incident  pressure,  Figure  A-20. 

In  Figures  $2,  93,  and  94,  the  arching  developed  in  individual 
static  and  dynamic  tests  is  plotted  so  that  it  can  be  compared  to 
the  static  arching  curves.  Figure  92  shows  that  the  data  produced 
in  Tests  11  and  16  plotted  above  the  comparable  static  arching 
curves.  Two  points  are  shown  for  Test  16,  one  at  maximum  arching  and 
the  other  at  minimum  arching,  or  design  conditions.  In  both  cases, 
the  data  show  considerably  less  arching  than  the  static  curves  de¬ 
veloped  using  either  the  trapdoor  or  hydraulically  controlled  device. 
When  these  same  tests  are  compared  with  static  Test  6,  in  which  the 
spring-ring  device  was  used,  and  the  difference  in  relative  flexibil¬ 
ity  is  considered,  it  can  be  seen  that  there  was  very  little,  if  any, 
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dlfferonco  in  the  amount  of  final  active  arching  which  could  be  ut- 
tributed  to  dynamic  effects.  The  larger  amount  of  arching  in  Teat 
16,  as  shown  by  tho  point  depicting  maximum  arching,  was  probably  due 
to  the  higher  sti*ength  of  the  soil  under  rapid  loading  conditions, 
but  the  later  design  value  at  minimum  arching  for  Test  16  indicates 
that  the  soil  acted  similarly  to  the  static  conditions  once  the  load 
front  had  passed  the  device. 

The  arching  value  shown  for  Test  15  at  10*  ■  1/3  and 
P_  ■  39  psi  in  Figure  92  is  an  exception.  Zt  plotted  on  the 

O 

H/B  ■  1/3  and  Pa  ■  37.5-psi  curve  developed  by  Hendron  (1968),  but 

O 

below  the  curve  produced  .7  the  hydraulic  device  used  in  this  pro¬ 
gram.  Similar  results  for  this  test  are  shown  in  Figure  94.  When 
the  test  results  were  compared  with  the  relative  stiffness  of  the 
device,  1  -0.80  ,  it  appeared  that  some  dynamic  load  amplifi¬ 

cation  occurred  in  Test  15. 

When  very  flexible  devices  were  used  in  the  dynamic  tests, 
as  in  Tests  20  and  23,  the  data  approach  the  static  arching  curves. 
For  Test  20,  the  points  depicting  maximum  and  minimum  active  arching 
straddle  the  comparable  static  arching  curve  in  Figure  92.  The 
amount  of  arching  in  Test  23  exceeded  that  of  the  comparable  arching 
curve.  The  same  sort  of  data  in  terms  of  AP  are  shown  in  Fig¬ 
ure  94.  To  this  figure  have  been  added  data  from  the  high  pressure 
static  and  dynamic  tests. 
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The  close  comparison  of  the  amount  of  arching  in  Testa  6  and  16 
con  be  readily  seen  in  Figure  94.  Zn  addition,  the  d&ta  points  for 
dynamic  tests  at  Pg  *  37  poi,  such  as  Tests  22  and  23,  do  not  dis¬ 
close  any  dynamic  effects  on  the  structure  load  when  compared  with 
the  static  data. 

Comparison  of  the  static  Test  8  data  points  in  Figure  9**  with 
the  results  of  dynamic  Test  14  at  comparable  surface  pressures 
(P  *  240  psi),  depth  of  burial  ■  3),  and  calculated  relative 

O 

stiffnesses  of  0.42  and  0.66,  respectively,  shows  that  more  arching 
was  initially  developed  in  Test  8,  2£P/q^  r  -5.2  versus  -2.29. 

With  time,  the  differential  pressure  developed  in  Test  8  de¬ 
creased  to  a  value  of  -3.2  which  corresponded  to  on  unsealed  differen¬ 
tial  pressure  identically  equal  to  that  developed  in  Test  14, 

-35  psi.  TVo  conclusions  which  have  been  discussed  previously  are 
evident  from  this  examination.  First,  trapdoor-  and  structure- 
induced  active  arching  curves  cannot  be  used  to  estimate  the  amount 
of  arching  under  dynamic  conditions,  whether  dynamic  load  amplifica¬ 
tion  is  present  or  not.  These  methods  of  inducing  arching  override 
all  other  considerations,  but  do  not  necessarily  produce  maximum 
arching  when  compared  with  very  flexible  structures,  K.p/Kg  <  0.20  . 
Second,  it  is  difficult  to  compare  arching  in  tests  with  comparable 
surface  pressures,  depths  of  burial,  and  stiffnesses  unless  a  partic¬ 
ular  differential  deflection  or  differential  pressure  at  which  to 
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moke  the  comparison  is  chosen. 

When  comparable  static  and  dynamic  active  arching  data  are 
examined  at  a  particular  depth  of  burial  in  Figure  97,  it  is  difficult 
to  determine  any  trends  because  the  data  have  not  been  normalized  to 
a  particular  differential  deflection.  The  ultimate  differential  pres* 
sure  developed  at  Pg  ■  37.5  psi  under  static  conditions  with  the 
trapdoor  and  hydraulic  device  exceeds  that  developed  under  compara¬ 
ble  dynamic  conditions  at  all  depths  of  burial  used.  The  difference 
is  approximately  19  psi  at  10}  ■  1/3  and  27  psi  at  H/B  =  1  and  3  • 
This  difference  does  not  exist  when  the  dynamic  data  are  compared  with 
data  from  Test  6  in  which  a  spring-ring  device  was  used.  The  small 
difference  between  the  amounts  of  arching  developed  in  Test  6  and 
Test  16  can  be  attributed  to  differences  in  the  stiffness  of  the 
test  device  used.  No  dynamic  effects  were  evident. 

The  same  type  of  information  in  a  different  form  is  shown  in 
Figure  90a*  In  this  figure,  the  static  deflections  were  equal  to 
the  deflections  in  the  comparable  dynamic  tests.  This  eliminated 
some  of  the  problems  of  comparing  static  and  dynamic  data.  The 
effects  of  dynamic  amplification  can  be  seen  within  the  high  pressure 
data  at  H/B  ■  1  and  3  •  The  loads  on  the  structure  as  depicted  by 

,  are  larger  than  the  relative  stiffness 
ratio,  K^/Kg  ,  and  larger  than  the  comparable  static  test  made  with 
the  spring -ring  device.  Pynunic  amplification  of  the  load  appears 


the  arching  factor,  P^/P, 
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to  override  the  increased  soil  strength  due  to  the  rapid  loading, 
particularly  when  large  deflections  are  considered. 

When  the  differential  pressures  for  comparable  static  and  dy¬ 
namic  tests  are  compared  at  small  identical  deflections, 

AD/B  x  1,000  ■  2  and  5  ,  in  Figures  98b  and  c,  a  clearer  picture  of 
the  dynamic  effects  emerges.  In  Figure  98b  the  differential  pressures 
developed  in  the  dynamic  tests  at  Pg  «  37  psi  exceeded  those  of 
the  comparable  static  tests  at  H/B  ■  1  and  3  »  but  not  at  H/B  ■  1/3  . 
The  latter  phenomenon  was  the  result  of  the  amplification  of  the  load 
at  the  shallow  depth  under  dynamic  conditions.  At  the  deeper  posi¬ 
tions,  the  strength  of  the  soil  under  rapid  loading  conditions  ap¬ 
peared  to  play  a  role  in  determining  the  amount  of  differential 
pressure.  Dynamic  Test  16  also  developed  a  larger  AP  than  static 
Test  6  under  the  conditions  depicted  in  Figure  98b.  Because  of  the 
lower  boundary  condition  previously  discussed,  Hendron's  ’(1968)  trap¬ 
door  data  developed  higher  differential  pressures  than  any  other  test 
configuration,  static  or  dynamic,  at  comparable  conditions  of  depth 
and  surface  pressure. 

When  the  differential  deflection,  AD/B  x  1,000  ,  was  increased 
to  -5.0  in  Figure  98c,  all  data,  static  or  dynamic,  at  Pg  *  37  psi 
plotted  very  close  to  a  scaled  differential  pressure,  2 AP/q^  >  of 
-1.0  at  10}  *  1  and  3  •  The  static  spring-ring  device  in  Test  6 
produced  virtually  the  same  differential  pressure  as  that 
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developed  under  comparable  dynamic  conditions.  Thus,  there  were  ne 
appreciable  dynamic  effects  on  the  structure  load  or  soil  strength 
after  the  surface  pressure  reached  a  steady  state. 

When  P_  was  increased  to  150  psi  and  higher,  the  differential 

0 

pressures  at  an  equal  low  differential  deflection  exceeded  the  static 
data  at  H/B  ■  1  and  3  by  a  large  margin.  Test  8  at  ll/B  ■  3  and 
P  ■  240  psi  was  a  comparable  static  test,  but  a3  shown  in  Fig* 
ure  98c,  its  differential  pressure  developed  at  AD/B  x  1,000  *  -5 
was  considerably  smaller  than  that  developed  under  dynamic  conditions. 

The  test  results  discussed  above  arc  logical  when  time  effects 
are  considered.  The  viscous  clay  material  is  time  sensitive  even  when 
two  relatively  slow  times,  Figures  A- 12  and  A-24,  are  compared.  It 
was  not  possible  for  the  large  deformations  experienced  in  the  static 
tests  to  take  place  in  the  <tynamic  tests.  Therefore,  ultimate 
arching  under  static  conditions  without  regard  to  deflections  was 
higher  in  all  the  static  tests.  But,  the  soil  was  stronger  under 
faster  loading  conditions  as  shown  in  Figures  A-12  and  A-24,  and 
when  the  equal,  reasonable  small  deflections  were  used,  then  more 
arching  was  produced  under  dynamic  arching  conditions. 

At  the  later  times  when  minimum  arching  developed  during  the  lew 
pressure  dynamic  tests,  the  surface  pressure  had  reached  a  steady 
condition.  Any  dynamic  effects  on  the  structure  load  or  the  soil 
strength  appeared  to  have  diminished.  This  was  not  true  during  the 
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dynamic  toots  at  P_  >  40  to  70  psi  .  The  fact  that  the  dynamic  am- 
plification  of  the  load  appeared  to  play  a  large  role  in  these  tests, 
and  the  increase  in  the  shear  strength  of  the  material  were  both 
clearly  evident,  Figure  98c. 

A  comparison  of  the  modulus  data  in  Tables  A-l  and  A-2  shows  that 
the  soil  modulus  was  invariably  higher  when  equal  pressures  were  ap¬ 
plied  under  very  rapid  loading  conditions.  The  design  of  the  stiff¬ 
ness  of  the  device  took  this  difference  into  consideration.  A  more 
detail  explanation  of  the  calculation  of  soil  modulus  is  given  in 
Appendix  A. 

This  test  program  revealed  that  dynamic  pressures  involve  high 
structure  accelerations,  just  as  with  aboveground  structures.  At 
PS  -  70  psi,  the  load  applied  to  the  structure  at  all  depths  used  was 
amplified.  Calculation  of  the  dynamic  amplification  factor  for 
each  test  was  performed  as  described  in  Section  4.3.6.  The  results 
of  the  calculations  and  a  comparison  with  the  relative  structure 
stiffness  are  shewn  in  Table  7.  The  average  of  the  amplification 
factors  calculated  using  two  different  rise  times,  time  to  maximum 
pressure  and  time  to  first  peak  pressure,  was  used  to  plot  the  high 
pressure  data  in  Figure  99a .  This  brought  the  data  closer  to  the 
curve  drawn  using  the  low  pressure  data,  P  37  psi,  but  the  higher 

D 

loads  developed  during  the  high  pressure  tests  are  still  evident. 

Considering  the  effects  of  the  structure  configuration,  the  large 
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deflections  under  static  conditions,  the  dynamic  amplification  of  the 
load,  and  the  changes  in  the  soil  strength  and  modulus  with  high  pres¬ 
sure  dynimic  loads,  it  would  be  unconservative  to  use  static  active 
arching  data  to  compute  the  design  loads  on  flexible  structures  ex¬ 
pected  to  be  subjected  to  surface  pressures  higher  than  approxi¬ 
mately  40  psi.  Even  when  used  for  lower  pressure  design,  the  test 
results  indicate  that  depth  of  burial,  ,  should  be  equal  to  1  or 
more  and  the  static  data  should  be  determined  with  a  model  structure 
which  produces  active  arching  by  the  exertion  of  external  pressures 
rather  than  seme  device  which  induces  arching  by  lowering  the  top  of 
the  structure  artificially. 

Selig  (i960)  and  Van  Horn  (1963a)  in  their  approaches  to  dynamic 
design  of  underground  structures  have  recommended  the  use  of  equiva¬ 
lent  static  loads  which  are  less  than  that  produced  by  the  actual 
dynamic  pressure.  The  results  from  this  test  program  indicate  that 
this  practice  could  be  unconservative  at  comparable  structure  deflec¬ 
tions.  When  time  and  deflections  are  disregarded,  this  approach  may 
be  more  accurate. 

Two  other  time  effects  were  noted  in  examining  the  test  data. 
First,  very  early  in  the  loading  cycle,  the  loads  applied  to  the  soil 
surface  had  to  overcome  the  inertia  of  the  mass  of  the  soil  above  the 
device.  This  effect  partially  accounted  for  the  unusual  shape  of  the 
dynamic  arching  curves  and  is  discussed  in  detail  in  Section  4.3.2. 
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Second,  the  actual  arching  experienced  by  the  structure  lagged 
the  soil  deflection  which  induced  the  arching.  In  addition,  the  de¬ 
flection  of  the  soil  did  not  react  immediately  to  the  load  trans¬ 
ferred  to  it  by  the  arching  action.  In  examining  the  detail  data  in 
Tables  '?  and  6,  these  phenomena  should  be  recognized.  Although  the 
arching  curves  were  plotted  at  particular  time  intervals,  the  actual 
differential  deflection  which  caused  the  amount  of  arching  measured 
occurred  at  an  earlier  time  and  the  soil  deformations  measured  were 
caused  by  a  load  transfer  that  occurred  at  an  earlier  time.  Thus, 
there  was  a  time  sequence  of  events.  Arching  is  not  an  instantaneous 
phenomenon.  The  structure-induced  arching,  which  is  not  realistic  in 
terms  of  actual  structures,  caused  the  load  on  the  structure  to  react 
almost  instantaneously  with  the  structure  deflection.  In  this  case, 
the  soil  deformations  still  lagged  the  loading. 

A  comparison  of  the  static  and  dynamic  passive  arching  data  is 
presented  in  Figures  93  and  98  in  various  forms.  In  all  cases  the 
amount  of  passive  arching  produced  under  static  pressure  conditions 
with  the  trapdoor  or  hydraulically  controlled  device  exceeded  that 
produced  under  dynamic  conditions  at  the  same  depth  of  burial  and 
surface  pressure.  The  dynamic  surface  pressure  varied  from  31.0  to 
64.0  psi,  while  the  static  surface  pressure  was  37.5  Fsi.  At  these 
pressures,  no  dynamic  effects  were  observed.  Evidently,  the  method 
of  producing  arching  under  static  conditions  was  an  overriding 


fc 
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consideration.  No  static  data  were  produced  using  the  spring-ring 
device  to  compare  with  the  dynamic  test  data. 

5.4  SUMMARY  OF  EXPERIMENTAL  RESULTS 

In  this  section  some  of  the  more  pertinent  findings  of  the  ex¬ 
perimental  program  are  summarized.  The  findings  are  a  guide  to  the 
effects  which  can  be  expected  during  active  and  passive  arching  under 
static  and  dynamic  loading  conditions.  Throughout  Chapters  4  and  5, 
items  of  possible  interest  to  the  designer  or  investigator  have  been 
discussed.  Any  use  of  the  information  developed  in  this  test  program 
must  be  guided  by  the  test  conditions  and  assumptions  described 
throughout  the  main  text  and  the  appendices. 

Soil  deformation  patterns  above  and  beside  the  test  device  were 
studied  in  detail  to  discover  the  extent  of  the  redistribution  of 
stress  caused  by  the  arching  action  in  the  cohesive  material.  The 
active  arching  zone  directly  above  the  device  consisted  of  a  4-  to 
5. 5 -inch-diameter,  circular  depression  whose  diameter  grew  smaller 
with  height  above  the  device.  Surrounding  the  depression  was  a 
raised  portion  of  soil  which  varied  in  diameter  from  approximately 
2  to  10  inches  outside  the  depression.  The  hump  or  ridge  pattern  was 
more  distinct  in  the  static  and  dynamic  tests  in  which  Pg  exceeded 
50  psi.  In  the  higher  pressure  dynamic  tests,  more  than  one  depres¬ 
sion  usually  was  found;  as  many  as  three  concentric  depressions  were 
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found  inside  the  hump  at  P  =  310  psi  ,  and  two  were  fe  ,id  at 

G 

Pg  =  245  psi  . 

The  soil  deformation  pattern  extended  upward  f  a  th-‘  :op  of  the 
device  and  outward  from  the  centerline  of  the  ter  nar^'  with  in¬ 
crease  in  test  time,  surface  pressure,  and  str  ?iire  f3  Fiji  iiifcy. 

This  depression-hump  formation  appeared  '1  the  s.  t  "  .rface  in 
only  two  static  tests:  at  H/B  =  l/3  an  =  37.  ?  '  and  at 

H/B  =  1  when  a  surface  pressure  of  37  hi  »'"-t  >  .»  ■%  surface 

deformation,  but  a  repeat^  test  on  '•  £  pc  .1  at 

Pg  =  50  psi  did  cause  a  surface  f  js.i  •„/.  .nese  tel’ts 

were  made  with  the  iiVraulicall  re  t rA'  ''  *  which  the 

scaled  deflection  cf  the  top  ,  .he  :  ,  1.000  ,  reached 

1 4 

approximately  80.  The  highest  sc.  >.led  dr  _v’.  e  of  the  top  reached 
with  a  spring-ring  device  was  approximately  toi  ai  t  atf-tic  pressure 
of  240  psi,  and  56  at  a  dynamic  press ■v-tq  of  y&S.*  In  no  care  uid 
the  soil  deformation  pattern  propagate  to  surface  :tn  ?,  dy¬ 
namic  test,  even  at  H/B  =  l/3  .  There  a  soil  l&yer 

1  to  3  inches  thick  near  the  soil  surface  riepea$>v*£  op  depth  of 
burial,  which  was  free  of  deformation. 

The  depression  pattern  was  not  seen  in  tlr*  ^vtiendc  tests  at 

P  «  37*5  psi  ,  but  it  was  observed  in  all  dynatde.  tyssts  at  a  higher 

s 

pressure.  In  the  low  pressure  dynamic  tests,  the  toil  generally  re¬ 
bounded  after  the  test.  There  were  only  very  minor  -'..ifferentiai 
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deflections  oetween  the  test  device  and  the  soil  at  the  completion  of 

these  tests. 

The  r.(  .'.i  deformation  patterns  were  more  distinct  in  the  static 
and  higher  pressure  tests.  At  static  and  dynamic  surface  pressures 
of  24c  psi,  the  depression  pattern  was  observed  2  structure  diameters 
above  the  lest  device.  When  the  surface  pressure  was  increased  to 
.tlC  nsi  i.-.  i  dynamic  test,  soil  deformation  was  observed  approxi¬ 
mately  2.S  structure  diameters  above  the  structure. 

In  addition  to  the  study  of  soil  deformation,  it  was  possible  to 
detect  ac/.ive  arching  action  in  the  soil  by  observing  the  horizontal 
and  vertical  soil  pressures  above  the  test  device.  In  this  manner  it 
was  determined,  that  the  majority  of  the  arching  action  took  place 
within  the  first  3  to  6  inches  of  soil  directly  above  the  device.  At 
all  stat.i-  pressures  used  and  at  dynamic  surface  pressures  above  40 
psi,  a  he;..  ‘ 'pherical  dome  1  to  3  inches  in  height  formed  on  the  top 
of  ihe  device.  It  ^"p^ared  that  the  maj^^ty  of  the  arching  action 
occurred  ;  n  the  soil  between  this  dome  and  the  level  approximately 
one  stru-.ture  diameter  above  the  test  device. 

As  d.-e  soil  deformed  above  the  device,  the  load  arched  off  the 
structure  was  distributed  to  the  soil  at  the  level  of  the  top  of  the 
dtrice.  This  redistribution  occurred  within  the  region  one  structure 
diameter  outside  of  the  device  with  the  majority  occurring  within  one 
structure  radius.  At  Pg  »  37*5  psi  ,  the  loaded  area  extended  to  a 
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radius  of  4.5  to  6.5  inches  from  the  centerline  under  static  condi¬ 
tions,  and  to  a  radius  of  6  to  6.5  inches  under  dynamic  conditions. 
When  the  surface  pressure  was  raised  to  75  psi,  the  loaded  region  ex¬ 
tended  to  approximately  9  inches  from  the  centerline  under  static 
conditions  and  6.5  to  7  inches  under  dynamic  conditions.  As  the  sur¬ 
face  pressure  was  increased,  the  loaded  area  extended  horizontally  to 
a  radius  of  6  to  8  inches  at  Pg  «  150  psi  dynamic,  8  to  10  inches 
at  P_  «  245  and  310  psi  dynamic,  and  9  inches  at  P  «  240  psi 

Q  O 

static.  All  of  these  tests  were  made  with  structures  designed  to 
have  the  same  stiffness. 

The  loading  of  the  soil  near  the  device  caused  it  to  deflect 
further  than  the  soil  farther  out.  The  soil  at  the  level  of  the  de¬ 
vice  sloped  down  toward  the  device  from  a  radius  of  9  to  12  inches, 
depending  on  the  surface  pressure  and  flexibility  of  the  device.  The 
higher  the  pressure  or  the  more  flexible  the  device,  the  farther  out 
the  sloped  region  began.  Thus  the  extent  of  this  region  was  related 
to  the  amount  of  deflection  the  test  device  experienced. 

The  horizontal  extension  of  the  deformed  area  above  the  device, 
depressions  and  ridges,  also  was  dependent  upon  the  surface  pressure. 
The  higher  the  pressure,  the  larger  the  area  involved  at  a  particular 
level.  The  effects  of  flexibility  on  the  horizontal  extent  of  the 
deformed  area  above  the  device  could  not  be  determined. 

The  lateral  and  vertical  extent  of  the  active  arching  zone  in 
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the  soil  was  a  manifestation  of  the  stress  gradients  developed.  The 
wet,  viscous  clay  used  in  the  experiments  tolerated  only  small  stress 
gradients.  Thus  for  equilibrium  to  be  satisfied,  the  load  arched 
around  the  structure  had  to  be  distributed  to  an  increasingly  larger 
area. 

The  deformations  above  the  device  appeared  to  be  similar  to 
those  developed  during  triaxial  laboratory  tests.  The  soil  zone 
around  the  depressions  experienced  a  combination  of  compression  and 
shear  bulging.  The  pressure  profiles  in  the  zone  affected  by  active 
arching  above  the  device  showed  that  the  direction  of  the  major  prin¬ 
cipal  stress  changed  from  near  vertical  to  near  horizontal  as  the 
structure  deflected.  The  size  of  the  deformed  zone  above  the  device 
appeared  to  depend  upon  the  surface  pressure,  depth  of  burial,  struc¬ 
ture  stiffness,  soil  strength,  and  the  time  within  which  the  soil  de¬ 
formations  took  place. 

The  distorted  zone  in  the  soil  beside  the  device  occurred  within 
the  high  pressure  zone  disclosed  by  the  vertical  pressure  profiles. 

The  soil  deformations  appeared  to  be  nothing  more  than  a  manifestation 
of  compression.  The  pressure  profiles  at  low  pressure,  Pg  <  40  psi  , 
resembled  the  pressure  profiles  calculated  by  elastic  analysis.  At 
higher  pressures,  the  pressure  profiles  resembled  those  predicted  by 
an  elastoplastic  analysis. 

Much  less  information  was  available  for  the  study  of  soil  action 
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under  passive  arching  conditions.  In  general,  the  soil  formed  a 
hemispherical  dome  approximately  one  structure  radius  high  and  one 
structure  diameter  wide  directly  above  the  test  device.  The  soil  de¬ 
formed  around  this  dense,  solid  dome.  Manifestations  of  this  dome 
could  be  seen  at  che  soil  surface  in  the  static  test  using  the  hy¬ 
draulically  controlled  device  at  P_  =  37*5  psi  and  H/B  =  1  . 

b 

Raised  portions  above  the  device  were  not  observed  at  the  soil  sur¬ 
face  in  any  of  the  dynamic  tests  made  with  the  stiff  spring-ring  de¬ 
vice  at  Pg  <  64  psi  and  H/B  =  1  . 

The  soil  at  the  level  of  the  top  of  the  device  was  unloaded  by 
the  passive  arching  action  to  a  radius  of  approximately  6  to  7  inches 
or  one  structure  radius  outside  the  device. 

In  both  the  active  and  passive  tests  under  static  and  dynamic 
test  conditions,  the  soil  deformations  under  the  test  device  re¬ 
sembled  those  associated  with  normal  bearing  capacity  deformations. 

The  static  tests  were  made  using  two  test  device  conf igurations : 
in  one  the  top  of  the  device  could  be  lowered  by  externally  reducing 
the  hydraulic  pressure  within  the  device;  in  the  other,  a  spring-ring 
device,  the  extent  of  deflection  of  the  top  was  determined  by  the 
amount  of  pressure  exerted  on  the  device  and  the  spring  constant 
built  into  it.  In  addition,  data  were  available  from  a  previous  in¬ 
vestigator,  Hendron  (1968),  who  used  a  trapdoor  configuration  with 
the  same  soil  at  comparable  water  contents.  All  dynamic  tests  were 


made  with  the  spring-ring  device. 

It  was  found  that  the  amount  of  active  arching  produced  using 
the  trapdoor  device  exceeded  that  developed  by  the  hydraulically 
controlled  device  whose  base  was  located  5  structure  diameters  above 
the  bottom  of  the  test  chamber.  The  arching  induced  by  the  hydraulic 
device  exceeded  that  developed  by  the  spring-ring  device  placed  in 
the  same  location  in  the  soil.  Thus,  the  manner  of  inducing  arching, 
i.e.  whether  induced  by  external  or  internal  pressures,  affected  the 
amount  of  arching. 

The  fixed  boundary  surrounding  the  trapdoor  logically  supported 
higher  loads  and  thus  supported  higher  active  arching  at  a  given  de¬ 
flection  of  the  trapdoor  and  a  given  depth  of  burial. 

The  amount  of  differential  deflection  developed  between  the 
structure  and  the  soil  was  limited  by  the  actions  of  the  soil  under¬ 
neath  the  device.  The  amount  of  soil  deflection  depended  on  the  load 
the  structure  was  experiencing  at  any  particular  time,  although  there 
was  a  delay  between  the  loading  of  the  structure  and  the  resulting 
soil  deflection  under  it. 

Thus  the  test  configurations  used  affected  the  amount  of  active 
arching  and  the  way  this  arching  developed.  This  latter  point  was 
evident  from  examining  the  arching  curves  produced  by  various  configu¬ 
rations.  The  general  forms  of  the  arching  curves  produced  using  the 
trapdoor  and  hydraulic  device  configurations  were  very  similar,  i.e., 


a  very  high  initial  slope  which  gradually  lessened  with  an  increase 
in  the  differential  deflection.  The  curves  became  parallel  to  the 
deflection  axis  when  the  surface  pressure  had  been  dissipated  or  the 
maximum  strength  of  the  soil  had  been  developed.  The  form  of  the  ac¬ 
tive  arching  curves  produced  by  the  spring -ring  device  under  compara¬ 
ble  static  conditions  was  considerably  different.  These  curves  had 
much  less  initial  slope.  There  was  very  little  change  in  the  slope 
until  a  particular  deflection  (pressure)  was  reached  at  which  the 
soil  appeared  to  begin  to  fail  because  the  slope  changed  abruptly  to 
a  steeper  angle.  This  change  occurred  at  Pg  «  75  to  100  psi  with 
H/B  =  3  •  With  each  increment  of  increased  pressure  and  resulting 
increased  differential  deflection,  the  slope  became  steeper  until 
there  was  an  abrupt  change  to  no  slope,  and  the  arching  curve  became 
parallel  to  the  deflection  axis.  This  occurred  at  Pg  «  175  psi 
with  103  =  3  .  At  Pg  «  37.5  psi  the  steep  slopes  were  not  expe¬ 
rienced  and  the  deflection  of  the  soil  under  the  device  had  a  large 
influence  on  the  arching  curves. 

The  dynamic  active  arching  curves,  with  minor  exceptions,  were 
not  the  same  form  as  those  produced  by  any  configuration  under  static 
surface  pressure  conditions.  The  dynamic  test  curves  were  affected 
by  the  inertia  of  the  soil  above  the  structure  and  the  structure  it¬ 
self.  Maximum  arching,  as  measured  with  reference  to  the  surface 
pressure,  normally  occurred  early  in  the  test  at  the  lower 
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differential  deflections.  A  plateau  was  normally  reached  in  every 
test  at  some  minimum  arching  value  at  which  the  amount  of  arching  did 
not  change  with  increasing  deflection.  This  plateau  did  not  neces¬ 
sarily  depict  a  condition  of  maximum  arching  or  complete  dissipation 
of  the  surface  pressure.  It  was  necessary  to  study  several  tests  at 
several  pressure  levels  at  a  particular  depth  of  burial  before  deter¬ 
mining  the  major  factor  involved  in  loading  the  structure. 

In  general,  the  active  arching  curves  were  continuous  unti'  they 
were  disturbed  by  reflections  from  the  base  of  the  test  chamber,  i he 
curves  did  not  disclose  any  load-unload  interaction  between  soil  and 
structure.  The  curves  appeared  to  be  a  manifestation  of  the  overall 
gross  loading  and  deflection  of  the  structure. 

The  passive  arching  curves  produced  under  all  static  conditions 
were  very  similar  in  form.  They  showed  a  high  initial  slope  depict¬ 
ing  a  large  amount  of  passive  arching  with  a  small  amount  of  deflec¬ 
tion.  The  slope  of  the  curves  changed  rapidly  to  a  position  parallel 
to  the  deflection  axis.  This  indicated  a  condition  in  which  the 
amount  of  arching  was  not  changing  with  further  deflection. 

The  lower  boundary  associated  with  the  trapdoor  data  appeared 
to  have  no  effect  on  the  amount  of  passive  arching  when  compared  with 
the  hydraulic  device  located  in  the  medium  until  a  scaled  deflection 
AD/B  x  1,000  =  15  was  reached.  At  this  point  the  bearing  capacity 
of  the  soil  under  the  device  limited  the  amount  of  arching  which 
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could  be  developed  at  large  deflections.  Thus,  the  test  device  lo¬ 
cated  in  the  medium  could  never  develop  as  much  passive  arching  as 
the  trapdoor  configuration. 

The  passive  arching  curves  produced  under  dynamic  test  condi¬ 
tions  were  similar  to  the  static  curves.  Their  initial  slope  was 
not  as  steep  but  their  overall  form  was  closely  comparable.  At 
P0  «  37  psi  with  the  spring-ring  device,  the  soil  under  the  device 

O 

had  a  marked  effect  on  the  curves  plotted  using  scaled  differential 
deflection. 

Thus,  both  the  location  of  the  fixed  boundary  and  the  path  of 
loading  are  important  to  the  amount  of  active  arching.  They  are  not 
nearly  so  important  to  passive  arching.  During  any  loading  and  un¬ 
loading  cycle,  the  structure  goes  through  active  and  passive  arching 
conditions.  These  curves  do  not  follow  the  same  trace.  As  soon  as 
the  arching  condition  changes,  the  fora  and  the  path  of  the  resulting 
arching  curve  change. 

At  H/B  =  l/3  ,  a  condition  of  maximum  arching  at  P_  =  37.8  psi 

O 

was  approached  using  the  hydraulic  device  under  static  conditions. 

The  scaled  differential  pressure  was  2£P/qu  =  -1.67  .  All  indica¬ 
tors  showed  that  the  maximum  strength  of  the  clay  at  this  depth  was 
being  utilized  to  produce  the  differential  pressure  of  -24.5  psi.  At 
the  same  surface  pressure  and  depth  under  dynamic  conditions,  a  scaled 
differential  pressure  of  2^P/q^  =  -0.53  was  developed.  The  arching 
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curves  were  parallel  to  the  deflection  axis  throughout  most  of  their 
length.  Dynamic  amplification  of  the  load  was  experienced  in  the 
dynamic  test.  When  the  effects  of  this  amplification  were  taken  into 
consideration,  the  differential  pressure  increased  from  -5.7  psi  to 
approximately  -20  psi.  Considering  the  comparative  unconfined  soil 
strength  in  the  two  tests,  10.8  psi  for  the  dynamic  versus  14.7  psi 
for  the  static,  the  soil  arching  in  the  two  tests  was  similar. 

At  H/B  =  1  ,  in  the  low  pressure  tests  (Pg  <  40  psi),  the  test 
device  was  fully  buried.  Under  both  the  static  and  dynamic  condi¬ 
tions,  the  amount  of  arching  did  not  change  with  an  increase  in  the 
depth  of  burial,  but  it  did  change  with  the  stiffness  of  the  struc¬ 
ture.  With  the  extremely  flexible  structure,  K^/Kg  =  0.03  ,  under 
dynamic  conditions,  the  surface  pressure  was  completely  dissipated. 
Under  static  conditions,  the  same  result  was  attained  with  both  the 
trapdoor  and  the  hydraulic  device.  When  the  stiffness  of  the  device 
was  increased  to  K^/Kg  •»  0.7  ,  the  load  on  the  device  increased  a 
comparable  amount  at  H/B  *  1  and  H/B  =  3  .  Thus  the  structure  re¬ 
mained  fully  buried,  but  the  amount  of  arching  depended  on  its  stiff¬ 
ness  relative  to  that  of  the  soil.  This  also  appeared  to  be  true 
under  static  conditions. 

When  the  surface  pressure  was  increased  at  U/B  =  1  to  75  psi 
static  and  157  psi  dynamic,  there  was  a  sharp  increase  in  the  amount 
of  arching.  The  scaled  differential  pressure  increased  under  static 
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conditions  to  2^P/q^  =  -3.3  and.  under  dynamic  conditions  to 
2AP/qu  =  -1.4  .  The  static  test  was  made  with  the  hydraulic  device, 
so  there  was  no  way  to  check  the  arching  factor  against  the  relative 
stiffness;  but  in  the  dynamic  test,  the  arching  factor  was  0.84  ver¬ 
sus  a  relative  stiffness  of  0.54.  If  the  effects  of  dynamic  amplifi¬ 
cation  of  the  load  are  subtracted,  then  the  arching  factor  was  be¬ 
tween  0.52  and  0.55. 

When  the  surface  pressure  was  increased  to  the  70-  to  245 -psi 
range  at  H/B  =  3  ,  it  was  more  feasible  to  study  the  effects  of 
depth  of  burial  and  pressure  because  of  the  larger  number  of  tests. 

The  scaled  differential  pressure  increased  to  2frP/q^  «  -5.2  with 
static  surface  pressure  ranging  from  175  to  240  psi  and  ^P/q^  m  -2.5 
with  a  dynamic  pressure  ranging  from  150  to  245  psi.  The  ranges  are 
given  because  practically  no  change  occurred  in  the  differential 
pressures  and  thus  in  the  amount  of  arching  developed  within  the 
stated  pressure  ranges.  The  ranged  from  -54  to  -58  psi  in  the 
static  tests  and  from  -32  to  -35  psi  in  the  dynamic  tests.  These 
results  indicate  that  the  amount  of  active  arching  developed  at  these 
pressures  and  this  depch  of  burial  was  mainly  dependent  upon  the 
shear  strength  of  the  soil.  This  shear  strength  did  not  vary  much 
with  the  confining  pressure  since  was  near  0  for  buckshot  clay 
at  a  water  content  of  approximately  26  percent.  When  the  effects  of 
dynamic  amplification  are  taken  into  consideration  in  the  70-psi 
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dynamic  test,  it  appears  that  this  test  was  governed  more  by  the  rel¬ 
ative  stiffness  of  the  structure.  Therefore,  at  Pg  >  70-100  psi 
there  appears  to  have  been  a  transition  zone  in  which  the  relative 
stiffness  of  the  structure  was  as  important  as  soil  strength  in  de¬ 
termining  the  amount  of  arching.  Below  this  pressure  range,  soil  and 
structure  modulus  played  the  predominant  role. 

Once  the  effects  of  dynamic  load  amplification,  as  determined 
by  the  rise  time  of  the  pressure  pulse  and  the  period  of  the  struc¬ 
ture,  were  considered,  there  was  still  evidence  of  the  effects  of  the 
relative  stiffness  of  the  structure  on  the  load  it  experienced  at 

high  pressures,  P  «  150  to  245  psi  .  The  load  amplification  experi- 
b 

enced  in  the  dynamic  tests  was  not  observed  at  H/B  >  1  wher.  the 
surface  pressure  was  40  psi  or  less.  At  higher  pressures  and  shal¬ 
lower  depths  of  burial,  the  load  experienced  by  the  structure  was 
amplified. 

The  accelerations  imparted  to  the  structure  also  varied  with  its 

stiffness.  At  P  «  32  to  38  psi  and  H/B  =  1  ,  the  acceleration  of 
b 

the  top  of  the  very  flexible  structures  was  approximately  twice  that 
found  in  the  free  field  at  the  same  depth  of  burial,  74  g's  versus 
37  g's.  The  acceleration  of  the  structure  base  was  only  about  one- 
half  that  of  the  soil  at  the  same  level,  18  g’s  versus  33  g's.  The 
acceleration  of  the  top  of  the  structure  was  over  twice  that  of  the 
base  with  the  very  flexible  structure.  As  the  stiffness  of  the 
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device  was  increased,  the  accelerations  of  its  top  and  bottom  ap¬ 
proached  one  another  and  the  acceleration  of  the  soil. 

When  the  structure  became  stiffer  than  the  soil,  K^/Kg  w  4.5  } 
the  acceleration  of  the  base  tended  to  exceed  that  of  the  top, 

38  g's  versus  35  g's,  and  both  exceeded  that  of  the  soil  at  the  same 
level  by  approximately  15  g's  and  7  g's,  respectively.  As  the  stiff¬ 
ness  of  the  test  device  was  increased  further  to  K^/Kg  «  340  ,  the 
acceleration  of  both  the  top  and  base  of  the  device  increased  to 
approximately  45  g's.  As  the  stiffness  of  the  structure  increased, 
the  contribution  of  the  inertia  of  the  structure  to  the  load  it  re¬ 
ceived  became  less  and  less. 

The  amount  of  structure  acceleration  also  was  dependent  upon  sur¬ 
face  pressure  and  depth  of  burial.  Doubling  the  surface  pressure  more 
than  doubled  structure  acceleration  at  each  test  pressure,  but  in¬ 
creasing  the  depth  of  burial  from  H/B  =  l/3  to  H/B  =  1  decreased 
the  structure  accelerations  by  a  factor  of  3.  Increasing  the  depth 
of  burial  to  H/B  =  3  decreased  structure  acceleration  by  another 
factor  of  3. 

As  the  stiffness  of  the  device  relative  to  that  of  the  soil  in¬ 
creased  to  the  K^/Kg  «  0.9  to  3  range  in  the  dynamic  tests,  esti¬ 
mation  of  the  load  on  the  structure  at  Pc  «  37*5  psi  became  diffi- 

b 

cult.  In  this  range,  relative  stiffness  became  very  sensitive  to 
small  changes  in  the  soil  stiffness,  and  the  soil  stiffness  was 
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changing  throughout  the  test  as  the  rise  time  and  the  amount  of  pres- 
ure  changed.  Once  the  relative  stiffness  of  the  device  exceeded  a 
value  of  K^/Kg  «  4  ,  the  load  on  the  device  became  independent  of 
its  stiffness. 

Within  the  surface  pressure  range  used,  P  «  31  to  64  psi  at 

s 

H/B  =  1  ,  no  effects  of  pressure  on  the  amount  of  passive  arching 
were  observed. 

In  general,  the  test  program  showed  that  structure  stiffness 
was  important  for  what  it  did  and  did  not  contribute  to  the  amount 
of  arching  the  device  experienced.  Under  active  arching  conditions, 
at  the  lower  end  of  the  spectrum  of  test  pressures  used,  relative 
structure  stiffness  largely  determined  the  structure  load.  Even 
in  the  higher  pressure  range  when  dynamic  amplification  was  taken 
into  consideration,  a  combination  of  relative  stiffness  and  soil 
strength  determined  the  structure  loads.  Under  passive  arching 
conditions,  the  structure  stiffness  made  no  contribution  to  the 
structure  load  when  fy/Kg  >  4  .  The  amount  of  passive  arching  never 
exceeded  a  value  equal  to  1.1  times  the  shear  strength  of  the  soil 
as  determined  by  unconfined  compression  tests. 
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CHAPTER  6 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 

6.1  SUMMARY 

Twenty-eight  tests  (8  static  and  20  dynamic)  were  conducted  on 
two  types  of  test  devices,  described  in  Chapter  3>  buried  in  a  co¬ 
hesive  soil  (buckshot  clay)  described  in  Appendix  A.  The  following 
measurements,  summarized  in  Tables  1  and  2,  were  made  when  applicable: 
overpressure  applied  to  the  soil  surface,  horizontal  and  vertical  soil 
pressure  at  various  depths  above  and  below  the  test  device,  vertical 
soil  pressure  at  various  radii  from  the  top  of  the  test  device,  load 
applied  to  the  top  of  the  test  device,  acceleration  of  the  top  and 
base  of  the  test  device,  deflection  of  the  top  of  the  device  relative 
to  its  base,  deflection  of  the  base  of  the  device  referenced  to  the 
base  of  the  test  chamber,  deflection  of  the  soil  at  various  levels 
and  radii  referenced  to  the  structure,  and  soil  acceleration  at 
various  levels  in  the  test  chamber,  Figure  15.  In  addition,  infre¬ 
quent  measurements  were  made  of  the  strain  in  the  top  and  base  of  the 
structure,  the  pressure  acting  on  the  inside  of  the  test  device,  the 
strain  in  the  soil  deflection  rods,  and  the  accelerations  experienced 
by  the  sides  and  base  of  the  test  chamber. 

The  test  devices  were  buried  at  depths  ranging  from  1/3  to  7 
times  their  outside  diameter.  Three  surface  pressure  ranges  were 
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used:  lew  (31  to  40  psi),  medium  (50  to  75  psi),  and  high  (150  to 
310  psi). 

By  the  use  of  the  deflection  and  acceleration  of  the  top  and  the 
damping  and  spring  constants  of  the  test  device,  the  load  acting  on 
the  top  of  the  device  was  calculated  at  various  times  during  the  test. 
In  the  static  tests,  the  load  was  calculated  using  the  interned,  pres¬ 
sure  of  the  hydraulic  device  and  the  top  deflection  and  spring  con¬ 
stant  of  the  spring-ring  device.  Differential  pressure  was  calcu- 
lated  by  subtracting  the  average  pressure  acting  on  the  top  of  the 
device  from  the  surface  pressure  at  the  same  time  interval.  The  dif¬ 
ferential  deflection  of  the  device  referenced  to  the  soil  was  meas¬ 
ured  by  adding  the  deflection  of  the  top  of  the  device  to  that  of  its 
base  and  subtracting  the  deflection  of  the  soil  measured  in  the  free 
field  at  the  level  of  the  top  of  the  device. 

The  relations  between  differential  pressure  and  both  the  differ¬ 
ential  and  toted  deflection  of  the  device  (normally  termed  arching 
curves )  were  plotted  and  analyzed  with  respect  to  the  device  con¬ 
figuration  used,  its  relative  stiffness,  its  depth  of  burial,  and 
the  surface  pressure.  In  addition,  the  relation  between  soil  pres¬ 
sure  at  the  level  of  the  device  versus  time  and  location  were  plotted. 
Curves  were  developed  shewing  the  relation  between  the  amount  of 
arching  and  depth  of  burial  and  the  amount  of  arching  and  structure 
stiffness. 
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Several  theoretical  solutions  and  the  amounts  of  arching  meas¬ 
ured  were  compared. 

6.2  CONCLUSIONS 

Active  and  passive  soil  arching  can  be  induced  in  a  cohesive 
soil,  Figures  21  through  23  and  31  through  39*  Although  the  amount 
of  active  soil  arching  decreases  when  creep  occurs  under  static 
loading  conditions,  it  does  remain  substantial  within  the  time  frame 
investigated  (20  to  70  hours),  Figures  24b  and  25b. 

The  soil  deformation  pattern  above  the  device  during  both  static 
and  dynamic,  active  arching  tests  consisted  of  a  depression  sur¬ 
rounded  by  a  ridge,  as  shown  in  Figures  41  and  80.  The  depression 
grew  smaller  and  the  ridge  grew  larger  with  height  above  the  device. 
Their  maximum  extent  depended  upon  the  magnitude  of  the  surface  pres¬ 
sure,  the  structure's  depth  of  burial,  the  structure's  stiffhess,  and 
the  duration  of  the  test. 

A  hemispherical  dome  of  soil  formed  on  the  top  of  the  device  in 
the  active  tests  and  appeared  to  separate  from  the  remaining  soil 
above  the  device,  Figures  4lb,  50a,  and  82.  In  addition,  a  series  of 
what  appeared  to  be  arch  formations  formed  above  the  depression-ridge 
patterns,  Figures  50b,  8la,  85,  and  86. 

A  hemispherical  dome  also  formed  above  the  test  device  during 
the  static,  passive  arching  tests.  The  soil  above  this  dome  broke 
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